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SUMMARY

Hot isostatic processing (HIP) is undergoing rapid development

as a materials processing method because of itr ability to readiiy close

internal porosity and bond interior surfaces . HIP accomplishes this by

exerting high pressure at an elevated temperature to encourage creep and

diffusion closure of voids and diffusion bonding of the interfaces .

Although much of the early use of HIP was for diffusion bonding, its use

has expanded to densifying powder metallurgy preforms , and closing shrink-

age and gas porosity in castings . More recently , the concept has been

extended to void and crack damage originating from creep and low cycle

fatigue.

A serious form of damage that occurs in aircraft gas turbine disks

is surface—connected cracks . Such cracks may be either preexisting, but

of a size below the detection level , or initiated from fatigue in service.

In either case, the lifetime of components subject to predominantly

fatigue damage is limited by the cyclic growth of these cracks . For

disks the replacement cost is large and the design life is only a small

fraction of the possible life . If a procedure for healing all pre-

existing or fatigue induced surface cracks could be devised , the allowable

lifetime of disks could probably be extended substantially with attendant

savings in cost and materials.

The objective of this program was to demonstrate the feasibility

of using surface treatments and hot isostatic processing (HIP) to heal

fatigue damage in the gas turbine disk alloy IN—718. The program was to

(1) investigate coating procedures to bridge surface—connected cracks ,

(2) investigate two levels of fatigue damage , pre—crack initiation damage

and post—crack initiation damage , (3) assess the response of the fatigue

F 
damage to the surface treatments and HIP (rejuvenation processing) by

comparison of fatigue lives , and (4) metallographically characterize the

fatigue damage before and after rejuvenation processing.
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The material investigated was IN—7l8 bar extruded from vacuum

arc melted billets. The extruded bar retained much of the inhomogeneicv

of the cast material and cannot be considered as representative of a

wrought alloy. After the standard solution treatment and aging (STA)

sequence , the microstructure consisted of bands of Ni3Nb and carbides

parallel to the extrusion direction . Laves phases were also present .

Four HIP experiments were conducted to determine the effect

of the HIP conditions on the material properties and microstructure , and

to investigate the effect of different surface treatment and coating

procedures on bonding of simulated cracks. The HIP conditions selected

were those developed to heal casting defects in cast IN—718, since

it was known these conditions would close and bond casting porosity. Tensile

specimens were near minimum ANS specifications after HIP and aging .

The fatigue life increased only about 9 percent after HIP and aging compared

to the STA condition , although substantial grain growth did occur during

HIP. Therefore, this HIP cycle was used for the rejuvenation processing

of the fatigue damaged specimens.

A number of simulated crack specimens consisting of three or

four layers of IN—718 sheet welded on three sides were given different

surface treatment—coating sequences . Coatings used were physical

vapor deposited (PVD) IN—718 and a ceramic coating. Surface treatments

were shot peering and wire brushing . Metallographic sectioning of

the simulation specimens after HIP indicated that a sequence of glass

bead shot peering, PVD coating, shot peening and a second PVD coating,

for a total coating thickness of about 75 pm, enabled cracks to be closed

and bonded . The specimens experiencing actual fatigue damage were given

a ceramic coating before HIP in addition to the PVD coatings. Cleaning

of the fatigue cracks before rejuvenation was not attempted since the

cracks had only very short exposures to air at temperature and a suit-

able cleaning process appeared to be very difficul t to develop.

Fatigue tests were performed at 538 C (1000 F) in air and argon

under strain control at a total strain amplitude of 0.8 percent . The

baseline properties of the extruded and STA material were a total life, Nf,

2 
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of 6,620 cycles (standard deviation of + 1 ,887 cycles) and a crack

initiation life , N~, of 4,48’ ± 8I~ cycles. Alter HiP and a g i n g  01

undamaged , bare t a t  i g t i t ’ spec incus , the fat igue pr t ’port it’s were N 1 —

~~, I~17 + 1 . 58 5 cv c  les and N j ~,4 1 2  ± 1 , 1 ~~~~ cvc  los. ft is cotnpar i son

shows tha t H I P  inc reased  t h e  fat igue lif e h~’ Q percent and the cr i c k

initiation life by 20 percent .

Spec imens were fatigue pre—damaged 1.100 ~-vc 1es to a

Level I condition representing pro—crack initiation damage and to a

Level 2 condition representing pre—damage in the crack propagation stage ,

wherein visible surface cracks are present. These specimens, along

with undamaged control specimens were g iven  the  rejuvenation processing

treatment. This treatment consisted of an initia l vapor blast to c l e an

the surface followed by two consecutive sequences of glass bead shot

peering, vapor b last , and PVD coating with IN—718. The ceramic coating

was then added and the specimens were HIP. After HIP the specimens were

l ightly polished in .i longitudinal direct ion before subsequent fat igue

testing to failure.

After the rejuvenation processing (coating plus HIP), the

previously undamaged control specimens showed a significantl y increased

f a t i g u e  life. The fracture life was 12 ,36 ’ + l, 95h cycles and the crack

initiation life was 9,076 + 424 cycles. The fatigue lives of undamaged

spec imens in the different conditions are shown in Figure 1. Because

the total rejuvenation process, inc luding the coating, substantial ly

increased the baseline f at igue properties , the coating p lus HIP condi t ion

was selected as the baseline for comparison of reluvenation of fatigue damage .

This comparison is shown for total life in Figure 2. Total life of

the pre—damaged specimens includes both the cycles before and after re—

juvenation . On the basis of these data no rejuvenation of fatigue properties

is evident. However , two comments shou ld he made. Firstl y , spec imens

having Level 2 damage had the visible surface cracks mapped bef or e

rejuvenation . After rejuvenation two specimens failed well away from

previously mapped cracks and their average life was about the same as

baseline spec imens. Secondly , many of the pre—damaged specimens had a

3 
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somewhat d i f f e r e n t  crack tnt t tat Ion s itt ’ . ppea r~uuce I corn t h e  Utlt :lU1.L ~t’t1

specimens . The in i t i a t ion  si te in many of the pr o—damaged specimens was

a semi—circular  region about 0.5 to 1 mm long at the specime n surface ,

extending about 0 .25  to 0.5 mm in to  the f r a c t u r e  surface . Specimens h av ing

this  f r a c t u r e  appearance are indicated by an X irl F igu re  2 .  These

specimens tend to have the shortest  lives and lower the average “r e j u v e n a t e d ”

l i fe  compared to the average baseline l i f e .  However , the average l i f e

excluding these specimens still does not increase the average life after

rejuvenation above that of the baseline coated plus HIP condition . It

is possible that these “flaws” were fine surface cracks not previously

observed , which failed to bond during rejuvenation processing .

The biggest obstacle to interpreting these fatigue results

is the enhanced fatigue life after coating p lus HIP compared to alter flu ’

only. There are at least two possible reasons for this. HIP homogeni:es

the microstructure and causes grain growth. The first of these  won

increase fatigue life while the second would decrease fatigue lif ~’. These

two effects might have compensated for each other when ba re  undamaged

specimens were HIP. Alternative ly, the PVD coating on the coated plus

HIP specimens was much finer grained than the bulk material. This t ine-

grained surface layer could inhibit crack initiation signific antl y compared

to the bare HIP specimens and cause tilO observed increase In l i t e in the

rejuvenated control specimens .

If it is assumed that  the mater ia l  be fo re  and after HIP ,L’e~ i,ive

different fatigue properties and .,t- ,-unni I.ite ~ fatigue damage at differ ent rates ,

then the baseline for comparison of rejuvenation should ~e mod i f i e d  to be

consistent with this assumption. In Figure 2 the baselines are drawti assuming

that the STA and the rejuvenated materials accumulate damage at a cyclic rate

proportional to their crack initiation lives. In this case t he Level 1 damage

still shows no rejuvenation . hut the Level 2 damage doe s show some re l uvenat ton
of fatigue life (Figure 26, page 88). This is probabl y due to t~~ie healing ot

partial healing of the Level 2 cracks during HIP , thereby requiring add iti ona l
t ime to reopen or reinitiate new cracks during post—H IP fatigue testing to

failure.
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(a) Typica l fatigue crack before (b) Typica l fatigue crack after

rejuv~r.ation processing rejuvenation processing , as-polished
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(c) Same fatigue crack after rejuvenation

processing , as-polished

Figure 3. Comparison of Fatigue Crack Appearance Before and After
Rejuvenation Processing .

Figures (b) and (c) Show the Appearance of a Crack Which
Has Been Closed and Bonded by HIP but ‘Those Location Is : 1
Marked by Second Phase Particles and Possibly Voids .
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Metallographic sectioning of fatigue damaged specimens before and

after rejuvenation processing showed that fat igue cracks were closed and

bonded during HIP. Specimens having crack locations mapped after pre—damage

were sectioned after rejuvenation processing and fati gue testing to failure .

The locations of the previousl y existing cracks we re marked by small second

phase particles and possibly voids , Indicating a closed and nearly bonded

crack. A typical crack before bonding is shown in Figure 3a. A typical

bonded crack is shown in Figures 3h and c in the as—polished and the etched

conditions . It should be noted that these cracks did not reopen during fatigue

t e s t i n g  subsequent to H I P .

tJnbonded or poorly bonded cracks known to  he the s i t e  fo r  f r a c t u r e

after rejuvenation in some of the Level 2 specimens could result from eithe r

of two effects. I t  is possible that the PVD and ceramic coatings conta ined

defec ts  over the crack and fa i l ed  to b r idge  the c rack  a d e q ua te ly  d u r i n g  H IT’ .

This can he correc ted  by improved PTh coat ing  t echn iques .  Alternativ ely , i t

the coat ings  were adequate , it is possible that cleaning of t he  ox ide out

of the cracks is a critical step even for thin oxide films . In this cas e ,

the adequately healed cracks may be those with less than a critical amoun t

of oxide , while those which are not healed might contain more than this amount .

In conclusion , the most significant result of this program was the

demonstration of closure and bonding of fatigue cracks which did not reopen

during subsequent fatigue testing. In cracked parts, this alone should enable

rejuvenation to extend fatigue life if nothing else , e.g. microstructure ,

is changed . Thus, HIP conditions should be developed to limit bulk micro—

structural changes , e.g. minimize grain growth. The reliability of crack

closure and bonding observed in this program is unacceptable but should

be increased by improved PVP coating procedures and development of crack

cleaning methods .

A definitive conclusion concerning the extension of fatigue life

by HIP rejuvenation cannot be drawn frets the results of this program . A

direct comparison of the total fatigue life of rejuvenated specimens to a

baseline condition is complicated by the apparent sul,stantial improvement

of fatigue life imparted to undamaged materials by the rejuvenation processing.

7

~~—)-4

-- — - --5-  --—-—-~~—~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - *~~~~~~ ‘~~~ ‘~~~~~~~ ~~~~~~~~~~~~~~~~~~~~



_ _ _ _ _ _ _ _ _

In e f f e c t , the extruded and STA material pre—dainaged before HIP was a

different material from that tested after HIP. Since the fatigue and

rejuvenation processes are conceivably modified between these two material

conditions to some unknown degree , appropriate allowances for these effects

cannot be made when comparing the fatigue lives. Further investigations in

this area should establish the complete rejuvenation process and its effect

on the final baseline properties of a material which has been stabilized

before entering the fatigue pre—damage and rejuvenation investigation .
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1 N l’Ri~I’S1’ Cl 1I~N

Hot isostat i c processin g ~H Ii’) is und ergo i ng r a p i d  de’vt~ 1 oprne nt

as a materials processing method because of i t s  ahi 1 its’ to r a p i d l y  c l os e

intern al poros f ly  and bond interior surt aces. Hit’ accomp i islies this by

exert  tu g high pressure at an elevated t emperat~irt’ to encourage creep  and

dl I tus Ion closure .‘t voids and Jilt us ion bonding o the m t  or aces

A l t h ough  much o t the oar ‘iv use o t it I 1’ w.i s t or d it t us on bend t u g  • t s use

has expa nded to dens i t V I I I I ’, powdt ’i met at I t I t V pri’ to tms , an~t ci s ’~~
; I nt~. situ i nk —

•t~ e and ~ .is  
~~~~ 

ros it v iii cast

More recen t lv , the coned’ t has been extended to void and crack

damage or I gi nat I ng t ron ~
‘ r eep and low ~‘vc ‘it’ t at igue I CF) st ~ a in . In  t he

cisc ot intern al voids and intt ’rgt- anu I ar k-rack tnt’ represent at i Vt’ ot

ci evat ed temp ’ rat urt’ creep and l CF’ damage , HI P .tl one c an read I v remove

these’ . Aft or H I P the creep proper t os in’ I argo lv rest ct-ed and t he

LCF prope rt I es are part I a I i  v rest orod ‘
~~ , 1 .e • , these proper t t o s  have been

re juvenated to some degree . However , when dealing w Ii sun t ace c r a c k i ng .

the most p r o m i n e n t  orm of damage produceti by LCF’ • H 11’ must he used ~n

con j unc t  ion w i t h  cr ack  b r id g ing  t echn i ques and t ii is t raki ’s th e procedure r’Sore

complex. In this case • the p c c i i  in n ar y  r e su l t  s indicate that it is

o is lb 1 e to remove surf act’ crack damage and lengthen at gui ’ I it e~
s

Strain induced cay it at ion and crack ing .i ro import ant in ho ~ I’a t h

c ponent s In at rc r i It gas turb ines • such as b 1 .ides or bucke’ t s , and an

Imp ortant t cnn of this damage i s surface—c onnect cd ra t . ks Thest ~~~v I’ o 
p

e i t her  p reex i s t ing  c racks  of a s I :e bet ow the Jet ect I ‘a I eve • or at .~uo

ct- ic ks in it tat e’d Jut  lug  s er v Ic e  . in e i the r case • t he 1 o t re o t - oIr~’one ’n t s

s u b j e c t  t o pred ominant  v tat igue damage is limit ed l’v the cvc ii c g l t ”S s t ~

of these c r a e L - ~. t 1ne such component is t J isk . L’ h~ I r li s  t I s l i  ‘~~ l O t

1 isk is I .tt~~e , and tltt ’ t t ’n sequon s t ’s c i  a disk t i t  t i n e a t  c 5 ’  ~I tti ~~ i o i l s
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to a i r c r a f t  and human l i f e  tha t  the design life of  a disk is only a small

f r a c t i o n  of its possible life. If a procedure for healing all preexisting

or f at i g u e  induced surface cracks could he devised , the allowable lifetime

of disks could probabl y be extended substantiall y with attendant savings

in cost and materials.

As revealed by the previous studies (i_ 9i the healing of sur~ ace-

connected cracks and restoration of the origina l fatigue properties is a

muc h more challenging problem than the removal of internal cavitation ,

because the problems appear to be more difficult to solve . Firstly,

to enhance the ability to bond the crack surfaces together , an effective

surface cleaning technique must be devised which ideally would reach into

narr ow , deep cracks to remove surface films and compounds such as oxides.
Secondly , a means of blocking off the crack trom the atmosphere is r e q u i r e d

so Chat the externa l pressure wil l act to squeeze the crack closed . For

this purpose a sound coating able to brid ge and seal all surf ace cracks

must be developed . If the coating is to remain on the part when it reenters

service , its presence must not impair the original properties of the part;

if the coating is to he removed before the part is placed hack in r
service , the coating must be removable without impairing the origina l

properties. rhtrdlv , i f the material ’s properties are significant ly decreased

by changes in its microstructure incurred during the HIP cy c l e , the  a l l oy  must

be amenable to reheat—treatment to restore the original microstructure

or properties. Fourthlv , if alloy dep leted cones form in the  v i c i n i ty  t ’t

the crack due to oxidation or other compound formation , these deficiencie s

must be corrected or their effect accounted for. Fifthlv . a t ina l finishing

procedure to restore the origina l s ’~~ace d imensions . tinish. or properties .

e.g., hardness and chemistry , must ‘~e deve loped to prepare the part for

subsequent use.

While the problems and risks associated with healing of surface—

connected cracks and rejuvenation of fatigue properties are large , the

potenti al economic and materials benefits are .il~~t’ large. S u c c ess f u l

rejuvenation would not only enable used disks to he rejuvenated one or more

times to increase their useful life substanti ally ‘ompared to that w i t h  present

practice, but could also conceivably increase the i n i t I a l  design lift ’ of disks

by removing nondetectable cracks b ef o r e  service.

to
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OBJ ECT I yES

tlit’ pr inc i ~‘.c 1 g oa 1 of t hi s ‘c cci ia ‘-as t ‘ d onion st ri he

feasi b ilit y of HIP and ret in i shing procedures o remove or n eu t r a  k ize

defects which limit the fat igue l i f e  of a i r c r a f t  c~as t ; i r b i n e  d i s k s .

These defects are bet  it fahr icat Ion and se’rv ice induced , and Inc lude

surface—connected cracks and pre—cr ack initi atIon fat igue damage .

The specific objectives of this program were t o

• D evelop  .i co.c ting l~s~ p r o c ed u r e  w h i c h  wou ld t I )  he

mechanical 1’- and d iem ic .ilI v compat lb le with i N—~ IS ,

2) not degrade fat igue  propert ie~.. and ~ bridge

s u r f a c e— c on n e c t e d  t a t  igue cracks

• Induce control led am o u n t s  ot f a t  igue  d i a i g e  into

fat igue specimens . both pro—cr ack i t t  it iat i on  d.tmat~e

and surface cracking damage t vp t s

• Assess t h e  response  of the different types of f~ct  i c u o

damage Co t ile’ rej uvena t ion processes by comp~lr I son

of total fat igue lives

• ~1eta 1 lograph ica 1 l’c c h ar a c t e r  i ~e t tic tat igue damage and

the effect ot the rejuvenation process on this damage .

PRI~I~~A~’I PlAN
— _ _ - _

~~~

_ _

To meet th e o b j e c t i v e s  ot the program , our important incas had

to he addressed , ~i) coating development , (ii~ ind ucing controlled fatigue

damage, ~t i f l  HIP  parameters , and ( iv )  m e t a l l o gr a p h i c  st ud i e s .  Becau se the

rejuvenation of surface—connected fatigue cracks was to he studied , the

development ot an appropriate c o a t i n g  procedure was nocessarv to bridge

these cracks and render them amenable to c los u re  and bond ing  d u r i n g  H I P .

to ensure the h ighest  l ike l ihood  of success ,  the coa t  ing  should be chemica l  l v

and mechanica l ly  compat ib l e  w i t h  the  subs t r a te .  For t hese  reasons a number

of si mula ted  crack  samp les we re prcp ar ed and HIP t o  a sc er t a i n  t l i t ’ mos t  p r o m is i n g

b r idg ing  t echn ique  be fo re’ app ly ing  it to the a c t u a l t a t  igue damaged spec imens.

11
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Cleaning of cracks was not investigat ed in det a il. Cleanin g of oxide—fill e d

cracks  is a comp lex p r o b l em . S ince  t h e  t a t  igu e  t e st  d u r a t i o n  t o r  c r a c k e d

spec imens was sho r t , t he  f o r m a t  ion of ox ide  i ins  in i ho c r a c k s  wou ld he

in in m a  1 , and i t  was expected tha t c lean jug m i g h t  n o r  b0 cc i t i ca 1 for ct .cc L

he5t I Lug.

To s imula te  the type ot damage representat ivo  01 th at expected

in turbine disks after service , it was decided t o  subject smooth test

bar s  to low cycle fatigue at an elevated temperature t o  two levels of damage.

One of these levels represents the crack initiation stage with no detectabl e

surface damage ; the othe r represents the crack propagation s t a g e , w ith

surface—connected cracks. The point of crack m i t  iat  ion was to he def i~’.od

in terms of back extrapolation of t h e  o v ’ ~~- t r i c  I~~od ‘~~‘ , n~~i~~ , ’i i t  c~
decrease in lo.id , or visual observation c cracks under maximu~ii t e n s i l e  load .

The fatigue tests were conducted at ~38 C (1000 F) in either argon or air

atmosphere.

HIP parameters were to he determined by performing several pre—

l itninarv HIP cycles to provide information on both microstructur a l and

mechanical property changes caused by the selected i-lIP conditions. There

was concern that too high a HIP temperature would cause undesirable coarsenin~
of the grain size , while toe low a temperature would not cause the crack

surface to bond together . The starting point for determining the HIP p ar a m et er s

was the conditions established by General Electri c AEC—Ev endale for IN— 15

castings, since casting porosit y could be closed m d  bonded under these’

conditions.

Optical metallograp hv and rep lica electron metallog rap hv were used

to characterize the micro structures , fatigue damage , and response of the

simulated crack spec imens to coating and HIP.

The planned test matrix is shown at the top of Table 1. I t a l l ows

for (i) establishing baseline tensile and cyclic stress—strain behavior as

well as fatigue resistance of the orIgina l extruded p lus solution treated r
and aged material , (ii) determining the effect of HIP alone on the baseline

properties , and (iii) comparing the e f f e c t of HIP on the reluvenation of

coated and uncoated fatigue damaged specimens. The test matrix actually

followed is shown at the bottom of Table I. It emphasizes statistical

characterization of particular test parameters 5it the expense of establi shing

the influence of HIP on the baseline fatigue resistance.

12 
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It sho uld be noted that the results of rejuvenation of the

control  and damaged specimens include the effe cts of the complete re-

juvenation process, not just HIP alone. This was necessary because a

separate evaluation of all the process variables would have been too

costly , and the result of ultimate interest in the eva luation of HIP

re juvena t ion  is the cumulative effect of all the processing steps .

EXT ER I~~NTAL PROCEDURE

Material

Processing

The material was received * as eleven nominal 2.5 cm (1 inch)

d iameter bars each approximately 120 cm (.1 feet) long . The bars were extruded

at AFMI_ from nominally T .2 cm diameter by 17 .5 cm long ~2.8 inch by 7 inch)

vacuum arc melted billets. The as—cast billets were first upset at lO~ S C

(1900 F), then extruded at 1093 C (2000 F) at a 10:1 extrusion ratio.

Radiographic and visua l inspection indicated the extruded bars to

be mostly sound , with radiographic indications of defects usually being

associated with observable surface f laws . Based on this inspect ion ,

sections of sound bar approx imately 2 t-i ciii (lC1 .~ inches)  long were cut from

nine of the bars as program test material. These sec t  ioos were lahel~ d

firsti” by number , referring to the extruded bar from which they were obtained~
and secondly by letter , indicating the sequence the sect ion appeared in

the bar, beginning with A at  the nose end .

After initia l sectionin g, the bar segments wci•e solut ion t r o t t e d  in

air for 1 hour ~~ ~~~~~ -1 C (1750 F) and oil quenched . The segmen t s were t h cn

aged icr S hours at -‘is C (1~ 25 F), furnace cooled to c-’OT C (1l~~ F) over

a 2 hour period , aged at this lower temperature f o r  .i f u r t h e r  S hou r s , and

air coo led . Each bar se~tment was aga in v i su a l  I v  examined , and the :tos~’ and a ii r

sect ions and any othe r  obv iotcs lv defect lye port ons of the bars were hen

exc ised . Su f f  ic lent  I l  and 2f ~ cm sect ion s of sound h e a t  t r e a t e d  bar wer e

obtained for up to n2 mechanical test specimens.

‘
~ This mater icl was obta m e d  from the Air Forc e  ~l i t  or ials Laboratory , t~r izht —

Patterson Air Force Base.
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An ari a lvs is of f l u t e r  ~a I taken : ron ext  r u d C - Li h~ r ‘o. .. is :~r ,~sc n te d

in Tab le  2 a l o n g  w i t h  t h e  c ’~n p o s i t  ion 1 i~n its p u b l i s h e d  by H u n t  i n gt o n  Al lnv s

for l:lconCl A l l o y  7 1 S .  \ l~ al loy ad di ti on s and t r i c  ~ le~ieti t s in th~ p r oc r i~i

z u t er t t l  ir e  -~ i t h i n  t h e  liz ~lt~ 

>l i c r c ’s tr u c tu r e

The m i c r o s t r i i c t u r e  of t h e  so lu t  ion t r e a t e d  t a d  ace d  ( S ’7 A )  ~a t e r i a 1s

is q u i t e  h e t er o e e n eou s  ( F i c ur e  -~) . Er is I inc z r . i  m . d  t \ ~~ cr . i  in s i z e  of

7 to 8 , 2 2 to 30 ~~ diameter) and h i s  a sone\~-hat lam inar a:~pearance c r eat e d

by t h e  e x t r u s i o n  of l ar c e~~’r ~ ma r v c~t r h  i d e - ~ and t~ i o v — r  i c h  in t e r d en d r i t  ic

regions in the  c a s t  b i l l e t  :~ t ralJel t o  t h e  b a r  l e n a t h .  The s t r m r i c e r s  of

smal l  da rk  p a r t  ic Les in t h e  to~p e r  h a l f  of F io tur e  ~a a r e r~~;~r e s e n t a t  ive of

some r eg ions  h a v in ~t l ar c e  ~ t r r  ~~
- ~es , n o s e i h l v  b o t h  inc  lu s i e n s  and m a s s i v e

p r i m a ry  ca r b i d e s , w h i c h  ar e  b r o k e n  or and strwiz ou~ dur inc e x t r u s io n  -

Associated w i t h  t h e s e  region s are v o i d s  ( F i c u r e  -~~i) . Those nay be due to

f a l l o u t of partic les during me tal l grarti ic-~~~rert rar ion , m d  io-at inc weak

i n te r p a r t ic le  i n t e r fa c es , or t h e~’ may he voids remaining alt er extrusion .

Considering the 10 to I extrusion ratio , it is more l i ke ly  t h a t  t h e  holes

result from loss of particles durin g metallogra p hic preParation .

The acicular phase in the (horizontal) p r o c i r i t a t e — c e n t a i n u n g  band s

in the lower half of Figure 4a is orthorhonihic ~—N i~ Nb which aroc ipi tated

in the segregated alloy—rich regions du r i n g  co o l i n g  f r o m  the extrusion tempera-

ture and/or during the ~~~~~~ C (1750 F) solution treatment. Tn these same regions

a finer precipitate , the coherent bod y -centered tet rat~ona l ~~— N i ~Nh phase~~~~~~,

has precipitated during aging (Figure -~h). Between  the allo y—ri ch bands

containing the acicular phase , there is a v e r y  fine precipitate (Ficure t~c),

probably a mixture of -, “ -NI 3Nh and some v ’ -N1 3 (A1 ,Ti). The size of these

precipitates is presumabl y smaller because of the lower alloy content in these

regions and their precipitation d u r i n g  a g i n g  at  t he  lower  t e m p e ra t u r e s .  The

equiaxed particles appearin~ predominantl y in the regions of t he  coarse.

acicular Ni 3Nb are block y carhides , probabl y ~C and ~‘h~ C1~ t ype . Also .

pe~kets of Laves phase are often ‘resont in t h e  bands  c o n t i i r i n g  the acicular

Ni3Nb.

15
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TABLE 2 -
‘

COMP ARISON OF SPEC IMEN MATER IAL CHEMISTRY

WITH COMP OSITION LIMITS FOR INCONEL-718

(a) . (b)
Bar No. 4 Compos].tion

Chemistry, Limi ts ,
Element percent percent

Si 0.02 0.35 max

Mn 0.03 0.35 max

P 0.005 0.015 max

S 0.010 0.015 max

C 0.05 0.08 max

Nb + Ta 4,97 4.75-5.50
Ni Bal (53,7) 50.00—55.00

Cr 17.90 17.00—21.00

Mo 2.99 2.80—3.30
Cu 0.02 0.30 max

Ti 1.10 0.65—1.15

Al 0.59 0.20-0 .80

Fe 17.99 Bal (11,323.5)

Co 0.54 1.00 max

0 0.0013 -

N 0.100 -

(a) Chemical analysis prepared by Bowser-Morner
Testing Laboratories, Inc .

(b) Taken fr om Referenc e (5).
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Mec han lea I P r~ p~~~t to

The ave rage  h a r d n ess  of the ST~\ materi al was ~~‘2 DPI! ( V i c k e r s ~
using a lO kg load . This is rough lv equivalent to ~ I R1. or 105 BuN

Uh’ tensile propert i os of the ext ruded and ST.\ materi al were ‘uo.i suro tl

at ~ 15 C lt)Ot) F) en Spec Imens 4B— I and 11— 2 Ito! ore tat Igut’ test ing at th i s

temperature. These tests showed serrated stress— st r a i n  re sponse  a t  s t r a t u s  w e l l

beyond ~
- i o id • with cite h serrat ion being accompanied by an aud lb 1 e ‘‘p i nt ~

Exam i nat Ion o t the tension test samples showed cv idence ‘1 surface cracks

vi sible to the naked eve , oriented norma l t o  t he  t e n s i le  axis but a 1 igned in

rows para lie I to the tensile axis. The format ion of each crack evident Iv

g~mvo rise to a serrat i on  In the st ross— Strain curve based on a corre lat i ott  ci

the  pinging with serrat Ion ormat ion d u r i ng  test lug. The st r  i nging  out ot

these  c rac k s  in  rows sugges ted  t h e y were r e l a t e d  t o  t h e  d r a w i n g  out  ot  in c  1 mis i o n s

* or al 1ev segregated regions dur In g t h e  ex t r u s  Ion process .  There w o r e

s i gu i  i can t  d It ferences noteil in mcdii i us , v i  old st ross , and ultim at e sr r en gt  it

hotween the tensile test spec linens t ak en  f r o n t  Iwo d i f  f e ’rt ’nt e x t r u ded  b a r s

Numb er s ~~ and ~‘ . 1’hils imp lies a poss lb Iv arce amount o I scat t or i n  t h e

at iguc resistance of the base line mater Lii I a t h a t  c e r ta  i n  ~~t t hose

pr emp er t  ics , when combined In var b u s  p ar a m e t r i c  for m s , serve as measures of

f a t i g u e  resistance.~~~
The results of t he  538 C t e n s i o n  t e s t s  en samp le s  f r o m  Bars  ~ and

~ are presented at the  t o p  of Table 1 . The avera ge  t r ue  fracture’ st  r oss

of these  spec Imens was 1 118 MFa (1 Ql . 2 ks I • and the  t r u e  r a ct u r e  St r a i n

wa s  0 .206 . The average tensile properties compare reasonab ly well wi th

p u b l i s h e d  d a t a  trend s for t h i s  mater ia I in i t  s ~- T . -\ ~‘en~l it  i on~ 
~~ i, F i g u r e  5

B o t h  the y ie ld and n i t  lm at e  str•~ugt Its of the  e x p e r i m e n t a l  mater L~ l a r e lower

t itan t he  mean of the  d a t a . but  r I i e v  s t i l l  lie  in the scat  t erh a n d  . In co n t ra s t

the e l o n g a t i o n  1 i • s  w i t h  In the  scat  t erb and , bi t t  I s  . ih ovt ’ the trend . The

m o d u l u s  is likewise somewhat above th e’ meati  ~e p er c e n t  . t in I h~~~e’ compat -  I sons

use Is mad ’ of t i n ’  fa c t  tha t a t  and abov e  ~ ~8 C I 00() F~ there is I itt le

dl I er o t i c  o be tween  sheet  proper  t It ’ s and t hose el  o t her  hot  worked  - ‘rod tic t

f o r m s  such as extruded bar. ~~ ‘
~ Insofa r as the ultimate tensile strength

can he considered •is a d irt’ct ;noaalire of fat t rio r e s i  i - t t . I n c d  , one n ight expe ct

tha t t h e  t at i ~~t t t ’ re s is ane e ci t hi ~ mat or 1.1 1 tnt g u t  be be low t lie mean r end o I

d.i ta  p i t h  I I  shed in t l i t’ open li t  era t t i re ’ .

P1
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r im e base  line mater ja i cond it ion  f ‘1 lb iS St udv is t he  e x t  rmt I~~I mu d

~ i’.-\ condit ion. However , i t  shou ld he noted that t lie p r e s e n t  m a t e i  ia  I I n  t im is

st .m t o  i - ; net  r ep r e s e n t  a t  i ve  o t wrought , so l u t  ion t r e a t e d  and aged n.m i *
- i a I

I t  l. a c l e a r  f r o n t  t h e  t n i c r ’ s t r u c t u r e  and t i m e  t e n s i le  ~‘r ’nt ’r t  t e a  t~~at  I Ia~

m m d  l o s t  r a e  l i t r e  exerts .i subst ant Ia I m t  lu e n e e  on pr ’i’er I t e a , ov en a t m

ext r its ion and boat. treatment . l’b is s h o u l d  be k~ ~‘ t i ii tnt mmd wh en c em pa r I

lit’ ~~t t e e ls  ot  H I P  on the m ic rostruc t or e  and p r o p e r  I los of t im is n i t  or i•m 1

TIm e 01 t o o t ; of H I P  on t h e  t e n s i l e  p r o p e r t  ies  is d i s c us se d  in  .i l a t cr  — a t  ion .

Coat i~~~J’r o ce d u r es

I N— S m~~ ’ t t  I n c .

Magnetron sput tering, a iThysica I vap or  denos it ion process. ~- ma

seie.- t ed i -  t h e  coat  ing p r o c ess  for app ly in the mera II i c .il 1ev c o a t  in

—
~ i t i t ’ • ‘mp lox  .111 ~~~~~~ such as I N —  IS  c li i  he eas i i v ie~’ 1 oil by h i s  t o c h t m  i cue

l i t  add it ion • co a t  ings  d e p o s i t e d  by s p t m t  t or ing t vp m o m  i i  ~
- have exe ~ - 11 ont i l  - -

here-nec . ~I mo spilt t er ing process was c onduc red in .t v.tcmtminm e h .mni h o  r .m t

v a c u u m  01 1 x hr 1 t o  about  ~ x l0~~ torr ot a r g o n  ~~~ . l I ~c sou r c e  m i t e r  Ia 1

or c at  hod ’ was held at a negative voltage ot f ron t  . 00 to st’ver.i I i m o m i s a n d

Vt i Its. rht ’ ie t~.m t ive ye Itag~’ en the cat bode c .imtso s ent’rget i c e I c c  t F O I l S  1 0

ion ice tlit ’ .mrgon gas: these ions bombard t h e  ca t  bode and p l iv s  t e a  l i v  c o ct  .

or s p l i t t e r  • at ems oft the surface of the cat bodt ’ w h i c h  • i r e ’ t lion ~(e~poS it ed

w i t h  hi gh kinetic energy onto the adjacent substrate material .

m ’t’r.imic Coat in~

The t’eram Ic c o a t i n g  was app 1 it’tI li v i~enera I P loot rio ‘.\ PC—l - ’ v o m m d m e

P r o c e d u re  1 or Cca tj n~ Fat igue Bars

A fixture for both heat lug and rotating six fat im ~ue bars at .m I into

in .1 heri .oiita orientation was built. Figure t’ shows the chain drive

assembly , and Figure shows three of the ’ six t a t i i i i e’ bars and four of the

seven 600—watt quartz heating lamps in time fixture b e f or e  coa t  lug. In

1 ipe ’r . i t  Ion , the source is a t~ mm (0.2S inch) thick p la te of IN— ~ 18 located

7 . i ’ em c.3 inches) above the axis of the bars,

~‘1.—

- -
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Figure b.  Fatigue Bar R o t a t i n g  H e a t i n g  F i x t u r e .
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The process sequence selected for  c leaning  and c o a t i n g  the  f a t i g u e  bars
before HIP was as follows :

(1) Fatigue bar preparation

(a) Vapo r b last ( l i q u id ho n in g) 120 sec at 0 .31 MPa
Nozzle— to—specimen distance 5 cm

(b) Glass bead shot peen 300 sec at 0.31 MPa
Nozzle—to—specimen distance 5 cm

(c) Vapor blast 120 sec at 0.31 MPa
Nozz le- to—speci um en distance 5 cm

(d) Ul t rason ic  clean in e lec t ron ic
gr ade met han ol 300 sec

(2) Magnetron s p u tt e r i n g  parameters
(a) Evacuate coating chamber to a

pressure of 1.33 x 103 Pa
r~(b) Heat specimens to 700 C (1292 F)

(c) Coat 4 hours at ~20 V . 4.8 amp,
and an argon gas pressure of
0.4 Pa to give 38 urn
(0.0015 inch) coating

(d) Cool coated spec imens to 100 C or
less be fo re  removal f rom coa t ing
system

( 3) Second sur face  t rea tment

(a) Glass bead shot peen 30 sec at 0.31 MPa
Nozzle—to—specimen distance 12.7 cm

(b) Vapor blast 30 sec at 0.31 MPa
Nozzle—co—specimen d i s ta n ce  12.7  cm

(c) Ultrasonic clean in electronic— 300 sec
grade methano l

(4) Second coating procedure as in (2’) above

The approximate total coating target thickness was ‘S urn (0.003 inch) . However ,

first layer coating time for samples 9B , 71) 2 , 7D 1 , SC1 , and 8C2 was reduced

to three hours because of arcing of a quartz heating lamp . In addition ,

the first coating layer on samples 3 1) 1 , 5C2 , and 3B2 spalled during the

second glass bead peening (as in 3a ab ove ’)  and were gi’:t~n the following

treatment to remove the spalled coating:

(1) Vapor Blast 600 sec at 0.31 MPa
Nozzle—to—wo rk distance 5 cm

(2) Ultrasonic clean ~n electronic — 300 sec
grade methanol

23
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The cleaned spec imens were then rec~ ated as described above , beginning at

Step (2). All samples had a bright matte metallic finish except Specimens

8C2, 9B , 7C1 , 8C1, and 71)2, which were darkened as a result of being

removed from the system while the temperature was ‘~I0O C.

After the IN—7l8 coatings were app lied , the predamaged fatigue

bars were overcoated on the reduced section with a ceramic app lied liv

f eneral Electric /AEC—Evendale.

A f t e r  c leaning and coating , the specimens were HIP. After HIP the

specimen surfaces were lightly polished in a longitudina l direction with fine

emery paper to a nomina l 32 urn RNS finish before subsequent fatigue testing.

The coating was not removed by this polishing step .

HIP Procedures

A total of four HIP experiments were performed d u r i ng  the  course

of the program . The proc edures and the conditions used . is detailed be low ,

were those previousl y established for HIP of Inconel 7lS clst ing s .~~
l2’) These

HIP conditions provided a logical starting point since it was known that

casting porosity was closed and bonded under these c onditions. The first

experiments were used to ascertain the effects of the HIP cycle on the

microstructur e and properties of the extruded material, and to process

simulated crack specimens investigating crack closure and bonding procedures.

The HIP conditions were:

o Simultaneou sly heat and pressurice to 1lt ~3 C (212S F)
and 103 ~tPa (15 ksi) pressure

o Hold at 1163 ± 1.0 C and 103 MPa for 2 hr

o Cool under pressure to lO6~ C (1QS() F’) it a mini m um
pressure of 83 MPa (12 ksi’) within .t .~O - m i n u te  period

o Hold at 1066 ± 15 C and 83 Ml ’s minimum for 1 hr

o Cool under pressure as rap idly as possible , achieving
760 C (1400 F) or below within 90 minutes
further static cooling or simultaneous c o o l i ng  and
depressurizacion to ambient temperature and pressure.

Following HIP , all mechanical test specimens .mnd certain of the

bonding specimens were subjected to the standard iS hour dua l aging treatment

at ambient pressure in argon as follow s : age at 718 C (132S Fl , S hours , then



urnace coo I at ~ ~ C ( lOi) F) p er  hou r  to ~~~ C (112 ~‘ F) , and age at 605 C

(ll2- ~1-~~, S hours .  A f t e r  aging , t he specime ns were removed from the furnace

and coo led rapid lv in f lowing ar~zon

~lie fir st HIP tx ;~or i:’~ent a-as in act accomplished by including

t ~~~~ o t h e  r otumd bar ~ end i c ou:’ Ic s i i  . i  111 P c ~-c 1 e ~e r formed in hat tell e ‘ s

~ar ~e au t o c  Live s’~st e m  t o  dens  i f  v a number  of large cast jugs. This c~-c Ic

di : ers from the rema in jug experime nts in that , due to technical d i ft icult los

12 hours were required to attain the 1163 C, 103 >lPa , HIP conditions . A sub-

stant ial port ion of t h i s  time was i t  t emp er at u r e s  above ~ C I lT5~ F’)

The second HIP experiment i~-.is accomp lished in a norma l f ashi on

in the 2~~. 9—cm 10 inch)—di ameter auto~ Live, r t h l u i r i n g  o n l y  ~ hours to attaiu

t he  spec i t  ied llt~3 C and 103 MPa . ~he six specimens o: the first series

o t simulated crack spec imens , a third round bar bond i ug c ou ~‘ Ic , t we t en s i l e

spec ime n b lanks  ~Nos .  SA and 4F~ , and three fat i gue spec imens ~Nos. ~P— I

and -. B— 2~ ~-er e  p rocessed . In order to preserve t h e i r  axial stra i cht —

ness , the fat igue spec imens were suspended along t h e i r  l o n g i t u d i n a l  c en t e r l i n e s

during HIP identical to the method described previous ly . ~~ ‘) The t e n s i l e

blanks, fatigue specimens , and rod d i f f u s i o n  coup le were  ~u b s e q uen t l~’ . taed

as described above .

The third and fourth HIP experiments were als o  p e r f or m e d  in the

2~ .~.~~m—djarneter autoclave in a norma l fashion , c’nlv 3 hours being required to

attain 1163 C and 103 ~~a. In the third HIP experiment , the twelve specimens

of the second series of simulated crack speci~~ns and two additiona l tensile

specimen blanks (Nos. TA and h A ’ )  were treated . The fourth HIP experim ent

served to process the undamaged and predamaged fat i~ uo spec imens used or

the principa l fatigue rejuvenat ion inves t i g a t  ion . These ~a t  igue s~’ecimens

were , again, suspended along thei r  long itudina l a xos t o  preserve s t r a igh t ne s s .

A previously fractured fatigue specimen showing secormdarv cracking was coated

and HIP along with the fatigue specimens for post—HIP m o t a h l o g r a p h ic  e x a m i n a t i o n .

Metallographv

Optical metallographic examination was carried out using standard

techniques for specimen preparation and g1vcere~zia etch. The repli ca electron

microscopy studies used acetate replicas , followed by carbon coating and

dissolution of time acetate to form the fina l rep lica. The etchant for the

replica microscopy was also glvceregia .
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Fatigue Testing Procedures

Specimen

All specimens used in this investigati on were of the geometry

shown In Figure 8. Note that this geometry provide s a reduced section

1.905 cm (0. 5 inch) in length and 0.952 cm ~0.3T5 inch’) in diameter.

This  ra ther  s tocky geometry was chosen to provide (I’) a reasonable section

t o r c r ack p ropaga t ion , (ii’) a large surface free from extensometer knife

edges to pe rmi t  su r f ace  rep l i ca t ion  f o r  damage s tud ies  if necessary, and

( i i i)  a reasonably high b u c k l i n g  load for  t e s t i n g  in a low to moderate

c a p a c i ty  test  sy stem . A to ta l  of 50 specimens were  f a b r i c a t e d , the

machining being performed at Met — Cut , Cincinnati , following their low—stress

cylindrical grind procedure detailed in Table 4.

All 50 specimens were machined from sound extruded and STA blanks

taken from the full length extrusions . Specimens were numbered from 1,

for each combination of bar and blank , designated respectively liv a

number and by a letter. Of these 50 specimens , 2 were used itt tension testing,

2 were used as setup and procedure verification samples, and 2 were damaged

during setup on the initial loading. The disposition of the remainIng

samples was as indicated in Table 5. Note that 2 of the 50 specimens , 2 C2

arid 2D2, remain in the virgin STA state.

Apparatus and Procedure

.
~ Each of the experiments in this program was performed in a

servo—controlled electrohvdraulic test system in strain control with all

specimens being subjected to a fully reversed forcing function . The environ—

ment was prepurified laboratory argon (99.998 percent minimum purity ’), the

testing being performed at a temperature of (538 C) 1000 F, as detailed

below . Although the majority of testing was done in an inert atmosphere , some

portion of the baseline data were developed in an ambient laboratory air

environment . A check of the oxide ’s character revealed little difference

between these atmospheres, nor was there any detectable difference in the

fat igue resistance , probably because of the relative ly short testing time .
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Strain was controlled over a 1.905 cm (0.750 in) gage length using

a clip-on extensometer calibrated to ASTM Class Bj. The extensometer was

typical of that used in elevated temperature testing. Two high-purity
alumina probes with knife-edge points were lightly clamped against the

specimen gage section. These probes were connected to a bracket with two

paralle l beams joined toge ther by a f l exib le e lastic hinge . The transformer
of a magnetically shielded linear variable differential transformer (LVDT)

was attached to one beam and the core was attached to the other beam. Thus,

the output signal obtained from the LVDT was directly proportional to the

average deformation over the gage length. The mass of the extensometer was

counterbalanced and supported at the center of gravity to minimize probe

- . 
force. While no specimens failed because of knife-edge notching, one

specimen did fail as a result of knife-edge slippage into a propagating

fatigue crack. Two strain cycles which employed several combinations of
strain range , waveform, and frequency were imposed on set-up specimens to

establish the character of the deformation response of the IN-718 material

at 538 C, under systematic variations in these variables. The results

showed no observable difference between constant strain rate and sinusoidal

results for frequencies from 0.1 to 1 Hz over the range of strain of interest

in this program. Therefore , for the remainder of the testing, strain was

programmed to follow a sinusoidal waveform at frequencies ranging from

0. 1 to 1 Hz , depending on the amplitude of the control strain. The ability

of the extensometer to operate over this range of frequencies was
independent ly verified as a function of the strain amplitude prior to
beginning the test program. Strain was controlled to within 1 percent of
the programmed signal. The extensometer calibration was performed at the

outset and verified several times during the test program.

Specimens were heated by high-frequency induction, and temperature

was controlled by a standard proportional-type power controller. The

geometery of the heating coil was designed to minimize temperature gradients

in the test section. A specimen instrumented with five Chromel-Alumel

thermocouples spot-we lded along the gage length was used to verify this

design. With the final design, the peak temperature was within ± 1 percent
of the desired value, and the overall gradient was less than 2.5 percent.
During fatigue testing the control/feed-back temperature was obtained from

a thermocouple looped about and in contact with the gage section of the

test specimen . Temperature was controlled to ± 2.8 C (5 F) during test.
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Load was mont to ted  in a l l  test s us ing  - t ~~ m m ’  r~’ I t  liv av;, ii .~t- It’

load ~~ 1 mounted in series with the s; .’t ’ imen . Cal lb rat ion ot the 1 I’ad

ce ll was pert t~it’d pr iC ’r te , .um d ve t  if ted I’fl, I’ d t t r  I I t g S  t he 1i ’ ’ . t  ~‘ 1 ’ ~~ 1 : 1

The load cell was ohs~’r v i ’~I t I ’ he .~e~’tii - .t t  e md I ~ : t t ’ . % :  w it In ~t Il . 1 1 ’ O t 1 ( ’t t t t ’t t 5’

ope r a t i n g  range used In the presen t p r o g r a m . A peak load detector W I t S

incorpora ted  in the  cont rol loop for use th determin Ing cr a c k  i n i t i a t i o n

based on load drop from the saturation (stable cy cli c ’ ) load (stress’) level.

All specimens were gripped in a fixtu re arrangement si m ilat to

tha t de tai led  in Reference  ( 13 ’) . it is noteworthy tha t such an arrangement

fea ture s a l i q u i d — s o l i d  Wood ’s me ta l  g r i p wh ich  serves to m in imize

specimen moun t Ing s t r e s ses .  P r i o r  t -.’ commencing the r. est progt am , ti n’

alignmen t was ad] us ted to ~ ln m i  ~~~~ bend i n g  s t r a i n s  • t In’ .td~’pt ed st anda ~d

b e i n g  bend ing strains less t han  1 pet- ct’nt of the irz 1’ ’st ’d axial st rain.

Monotonic and evel Ic dt’tormatior. response ~as recorded  ce:~t i n u o u s l v

d u r ing  the f i r st  ten cy cl es  and at logan thm( c I n t e r v a ls  t h e r e a l t  or  .‘n an

X— Y recorder , whi le  bo th  load and strain along wit h temperature were cent in—

uous lv recorded on a t ime —based s t r i p chart tt ’cordci .

Before coimnenc ing with the experiment al ptC ’~: r.u~ • t ho ~- 1 esed

system was tuned to establish the opt m u m  system gai n. Concurrent lv , t In’

load cell and extensometer were cal ibrated aiong with t he related recor d

devices. After this prel i~linarv phase, the test phase began . rhe

procedure used for each test tollows: after mounting the specimens in i i:,~
upper gri p, the l oad t r a i n  was closed In load cen t  r~’ I and the I i q u i  d— sol Id

~rip frozen . (All gri1is were watercooled during t ost lug. ‘I ~tain t ainIng

the system at zero load , the extensometer was moun ted and : e t t ’ s u pp t t ’ssI ’Ii

and all recording devices activated and zero suppressed . Sub sequen t  l v , t h e

induc t ion heating svst em was act  Iva ted • and t he l oad t ra  In was a l l  owed t

equilibrate for 1 hour after the testing t e m p e r a t u r l’ was r eached . The

system was then switched t o  strain control and allowed to s t a b U t :”  bet. ’i, ’

beginn ing the strain cycling. During thi s stabi lizati on period , the c rv : t .’ n—

mental chamber was sealed and purged at a flow rate ot  elm h ’i 2 hours .

Thiring testing, the chamber was held at a posit lvt’ back pressure equal t~~

1 inch of water . In tests where the system had to be p e r i o d i c a l l y  s h u t

down and restarted (such as for predamage), care was taken t o  u n l o a d  and

31

~~~~~~~~~~~~~~ 
— ---- --— —— —. 1 _ . -C’~~~~~~~ ’ 1L~~~.~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .- ‘ ‘ _

~ 
-



___ -
--

thereafter reload without inducing spurious mean stresses . All tests

were terminated either upon reaching a prescribed leve l of damage or at

failure .

Test Program

Table S details the fina l test program to generate results for

assessing the feasibility ot H I P  re lu v e n at i on  of fatigue damage in

extruded and STA 1N-71S . This matrix was patterned after tha t set forth

as the Actua l Test ~\ at r i x  in Table 1. Tests were initiall y performed

to establish the strain amplitude for the ensuing tt’asihility assessment .

That strain amplitude hat] to concurrent lv s a t i s t v  th ree  requirements:

cl’ ) I~e sufficientl y inelastic so as to reduce
fatigue scatter

Be sufficiently small so ItS  to induce  f a t igu e
fracture at levels greater than l0~ cycles

(3’) Give rise to a reasonable fraction of life spent
in propagating a fatigue crack fr~ u observable
surface damage.

From the results of 1~ tests which encompassed strain ranges from 2 . 12 percent

to 0.52 percent . t h a t  s t r a i n  leve l was determined to he 0.50 percent. Results

of the 13 tests are presented later in Tab les  ~~~, ~ and 10. The data reported

in Tab le 8 represent experiments designed to show the progress of fatigue

damage with increasing cycles. l’wo strain amp l i t u d e s presumed to bound

the above three requirement s  were selected . These data were essential to

establish the crack initiation li t ’e and subsequent crack propagation

behavior necessary to define the predamage levels described below . The

data in Tab les 0 and 10 establish the baseline t o as s e s s  t he extent ~f

reiuvcnation .

To differentiate between the different levels of fatigue damage

given the specimens prior to the rejuvenation treatment s, the f o l l o w ing
designations are introduced :

- - • Leve l :~ero pre —damage : spec imens  g i v e n  no
previous fatigue’ cycling

• Leve l One pre—datnage : specimens cycled j u s t
short of crack initiation

• leve l No pro-damage : specimens containing
known cracks .

R e s u l t s  of tests tha t pertain to the no luvonation process are presented later

in Tab les 10 and 11.
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RESULTS AIID DISCUSSION

The r e su l t s  ar e presented in four sect ions which approximat e

the four genera l task areas in the program: (i’) t h e determin ation

of the effect of HIP on the microstructure and properties ol the extruded

and STA bar , (ii) the coating and re finishing investigatIon to ascertain

the best method to prepare the surface and bridge surface cracks , t iii ’ ) the

fatigue characterization and rejuvenation studies , and (iv’) metallo~’r,iph i c

examination of fatigue damage and the response ci damaged specimens to

HIP. The first two aspects are considered in the context of t h e

rejuvenation process parameter development. The l.ist ~ -o torn-s are

examined in terms of the application of the  ch osen p r oces s  p a r a m et e r s  t o

fatigue damage rejuvenation .

Rejuvenation Process—Paramete~j~~ ’elojunent

HIP Studies

The objective of this phase of the prog ra m was to .tseert.i in the

effect of HIP on the microstructure and the tensile and t a t i guc properti es

of the extruded and STA bar. ‘rho specimens to be discussed here were

HIP in the first through third HIP experiments described earlier in t h e

Experimental Procedures section.

Microstructure. The first specImens t o  he HiP icr m ic r o str uet ur ti

examination were also designed to provide evidenct ’ ci tin’ o t t oct o t  h e

selected HIP conditions on closure of holes and bending of surfaces .

Bonding couples of 2 . 5  cm segments of extruded and ~‘I’.-\ rod were prepar ed

by grinding one end surface flat on each segmen t and drilling a t~ mm i0. 2~ inch ’)

diameter conical indentation in one surface to  represent .i c a v i t y .  \tte r
- £ cleaning the surfaces , two such segments  were  gas tungsten arc (GTA’) w e l c t ’d

together around the circumference of the mating surt aces  whil e Inside in

argon filled chamber.
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For the preliminary HIP cycles , it was decided to dup licate the

conditions used to HIP IN—718 castings , followed by the duplex age as

described previ ously . The microstructure before H I P , that of the extruded

and 5Th materia l , i s shown in Figure ~~ . After HIP the bands of acicular

preci pitate are absent , but the rows 01 equlaxed carbides remain , as

shown in Figure 9a. The bond line at the mating surface between the two

halves of the bonding coup le runs ac ross the micrograph. Stringers of

fine , dark particles similar to those referred to as inclusions are still

present iii the upper ha l f  of the coup le (Figure 9a) after HIP , but these

areas a re  not common. ln the first HIP experimen t , which took 12 hours

to attaIn the HIP c o n d it i o n s . he grain s ices of the s- €c imens (from Bars

-~ and 7)  were ASTM 1 to 0 (2 i) to 3~~0 urn’) . In the succeeding HIP experi-

men t , w h i c h  took only ~ hours to reach the HIP conditions and was

representative of the  o t h e r s , t h e  aver age  grain size of a specimen from

Bar S was ASTM 3 to .~ t,90 to 120 urn) with a f iner grain size , ASTM 5 to 6

(,~.0 to 60 um) in the bands of fine carbide . Therefore , the larger grain

sl~ e in the firs t HIP exper imen t was attributed to the longer time at

temperature. The microstructur o f r o m  the second HIP cycle was then taken

to be representative of the microstructure after HIP for the succeeding

HIP experiments. The aclcul.ir Ni 31’4b, the t ”-Ni jNh platelets , and the Laves

phases have been dissolved by the HIP treatment , resulting In an overall

- homogen ization ot the m icroatrticture. The fine coheren t  \ “—Ni~~Nb plate—like

preci pitate in the matrix , shown in Fi gure  9b , is more evident after H I P

than b e f o r e , presumabl y be cause  more  N b is a v a i l a b l e  i cr  t he  coherent

precip itate formation lit ter the large N1 3Nh pl atelets and Lives phases

were dissolved during HI P .

Bonding Studies. Four fTA welded bending coup les  were  prepared

as described in the previous section on micr ostru cture. These were then

examined for c l o s u r e  o t t he  conical d r i l l  oil h o l e  and ~ond ing of t he  mat  Ing

su r t  ace s after IUP . The first two couples wore in c l u d e d  together in a

HIP cv c l . ,’, one wrapped in stainl ess stoo l to il and one unwrapped . T h i s

t i  rst H iP  eve le was 1w Id qul to long  at h i g her  t e m pe r a t u r es  due to con t r o l

p rob I ems . l’h~ sur f a ct ’ e t the w r .ipp ed spec i men c ame out s hi m v  and c i  can

. i t  t or HIP , bu the unwrapped spec I men had .i b l a c k  c h r o m i u m  cx i  di ’ coat Ing
The su r t  a c e — .i t  fected l iver in this specimen was t’x.inint ’d on a t a p er  St ’ct  ion

d y ing i LO X apparent m a g n i t  t e a t  The i t  1 - c t  ed l iver extended 7 n’
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• deep and included a 2 ~m thick oxide layer , a 7 ~rn thick region of inter-

granular attack and an 15 ~m thick carbide depleted zone. Subsequent

sectioning of the couples after aging showed that bonding between the two

ha lves of the couples was intermittent , possibly because of the presence

of some oxide film or residue on the mating surfaces (Figure 9a’). Very

little grain growth across the interfaces was observed , although the HIP

conditions we re sufficient to cause collapse of the large conical voids .

The interfaces after HIP did etch unevenly,  similar to the grain boundaries .

Significant grain growth occurred during this prolonged HIP cycle , with

grain sizes being larger than ASTM 1 (250 ~ni) in some regions.

Another bonding couple was included in a second norma l HIP

cycle . This specimen had no significant areas of nonbonding and only

a few spherical voids or inclusions remained in the interface (Figure 10’).

There was also significantly more grain growth across the bond interface

than was found in the earlier specimens . This is particularly noticeable

toward the periphery of the specimen (but well inside the we ld beads

originally joining the two components’). The grain size of this couple

averaged ASTU 3.5 (~~ 0.10 mm) in the HIP + aged condition.

Mechanica l Properties. The hardness of the material after HIP

was relative ly low, averag ing 245 DPH (approximately 21 RC or 233 BUN’), but
increased to about 415 DPH (approximately 42 RC or 392 BUN) upon subsequent

aging , nearly that of the extruded and STA baseline material.

The tensile properties of the IN-718 extrusions after HIP and

subsequent aging were measured at both room temperature and 649 C (1200 F’)

for compar ison with publ ished AXIS 5662B specifica tions f or wr ough t, solution
treated and aged material. Duplicate tests were conducted at each temperature

using standard ASTU “.505” spe cimens and , as shown in Tab le 5 , the tensile
proper ties of the HIP material compare very favorably with the specification
values despite significant grain growth. This behavior is in contrast

to the response at 538 C which showed these properties to be somewhat

less than those published trends (Figure 5’). More importantly , however ,
the stress response of all tensile specimens was completely smooth at

both room temperature and 649 C with no evidence of the serrations ex-

perienced with the extruded and STA material. In addition , the differences
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in the strength and modulu s values for the individua l test specimens

at each temperature are smafl . Since each specimen was machined from

a ditt eren t extruded rod , these results strong ly indica te that HiP

followed by the appropri ate aging treatment causes significant

h o m o g e nL a t i o n  ef  t h e  e x t r u ded  m at er i a l  in s u p por t  of t h e  m e t a l L o g r a p h i c

results , and has a normal iz ing ef f ec t on mech an i cal proper ties .

The 538 C (1000 F) LCF fatigue properties of two ex t ruded  and

STA test bars after HIP and aging showed approximately 15 percen t higher

cyclic life than the baseline material. This relatively small change in

fat igue properties is attributed to counteracting effects of coarser grain

size decreasing fatigue life and homogenization of the microstructure

increasing fatigue life . These properties are discussed at length in

the fatigue section .

This second HIP experiment was satisfactory in several ways. It

materially homogenized the microstructure without causing an unacceptable

increase in grain size much beyond ASTM .+. This is the maximum acceptable

grain size designated in the military specification AXIS 5662B. In

addition , the room temperature and 649 C (1200 F) tensile properties were

• close to or exceeded the minimum specified by AXIS 56625 (Table 3). It

is seen later that the fatigue properties of the control specimens

HIP in this cycle were not too different from the baseline properties.

In addition , it was expected that lower temperatures might not produce

bonding of cracks. Thus, the higher HIP temperature was used throughout

the remainder of this investigation.

It should be mentioned here that grain sizes measured later in

the program on sections taken from the fatigue bars showed a much larger

increase in grain size after HIP than the mecallographic specimen

referred to above , which was to provide the background for the micro—

• structural changes occurring during HIP. The grain sizes in the fatigue

bars were ASTM 1 and larger, in the range 200 to 400 u rn. The effects

of these larger grain sizes are discussed later along with the fatigue results .
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Coa t ing  Studies

The pu r pose of thIs phase el t h e  program was to i west ~at  e I he
f e a s i b i l i t y  of br idging surface—connected fatigue cr~icks w i : h .t c o at  ~nc

app l ied by a p hv s ical  vapor  deposit ion ( PVP~ ~‘roct ’ss i, s~’ut or i • so t hat

a sub sequent HIP  opera t ion  could e f f e c t  ive lv h ea l  t hem . “
~ te a p p r o a c h  wa s

to app ly IN—7l8 superallov onto  I N — ~~iS s imu l .u t e d  ~r a c k  cou p o n s . and 1.itet

onto f a t i g u e  bar spec imens.  Both  s ing le  and m u l t  i p i t ’ coat in~~s w~-r ,-

t r ied . The e f f o r t  inc luded examina t ion  of d i tfe r t ’nt t r eat~-it -nts ot the

surface before , be tween, and after applying the coating i,s’). The coating

c omp os i t i on , th ickness , dens i iv , and ad h e re nc e  were  t he  p a r . u ~~-t ti st

The coat ing program wan cu rri e d out i n  t h r e e  st a s e s

(1) Determination of the sui t ah i l t t v  o t  ~i i c n e t ~- on t t  t~ -r ~~nc.
for depositing lN— ’l~ coa t  int~s ~‘t accc~~t abl e al 1ev

• composition and the limit at ions ot  ~- r.u -k h r id glfl c
capab i I i t v  of magnetron sputteri ng us inc ~ ~~~ u t la  t -

~~

crack specimen s

(2) Development of mech anical stir ace r reu tme nt s t o hr  i dce
cracks wider t han  tho~~ which could he brIdged 1w
sputtering alone

(3’) Development of f ixtures and procedures rom ‘
~ and 2~

above fo r  co at i ng  ac t u a l f a t igu e  b a r s .

Coat ing and S u r f a c e  T r e a tm e nt  Stud li’s. An m t  ial series 01

simulated crack spec imens was deve l01-f O~ to invest ig.u re differ ent method s

of bridging cracks, both coating alone and In c o m b in a t i o n  w i t h  other s u r fa c e

treatments. Each spec imen in this series of twelv e specimens was fahric.t~ ed

by stacking five layers of 3 mm (0.125 inch ’)  t h i c k  sheet  01 I N — 7 1 5  t o

form four cracks of different widths between  neighboring sheets. •\fter

degreas ing, thr ee of the four “open ” surfaces en each stack of coupons

were welded by gas tungsten arc (tTA) welding in .uti argon—fill ed chamber.

The remaining open face then presented four s imu l at ed cr a ck s  h a v i n g

nominal widths of (i) a “tight” crack of a f ew  micromet ers . lii ’ ) 2S ~~

(0.001 inch). (iii) 150 ~Im (0. 00~ inch ’)  . i v ’ )  ~0 .m (0. Oh ’ ) In ch ’)  . .- \ i t h ~ ugh

the narrow cracks were of  most interest to this program , t he w i d e r  cr a ck s  wer e

Inc luded so that intorma t ion could be obtained t o  ~Iett ’rmi nt’ t he  maximum crack
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opening for which a particular method might be applicab le. If a subs tantia l

crack opening could be bridged , th i s  would increase the  confidence

level of the method ’s application to narrower cracks.

With these twelve specimens , the six treatment sequences listed

in Table 6 were evaluated. Duplicate specimens were prepared for each

condition . The rationale for the conditions selected are as follows .

The basic condition is to apply a PVD or ceramic coating only, over smooth ,

untreated surfaces with the original range of crack widths. There is also

the possibility that shot peening cracks will close the cracks some-

what , depending on their original width , and enable the subsequent PVD

or ceramic coating to bridge a wider starting crack than would be possible

without shot peening . The shot peen followed by an anneal to  recrystallize

the cold worked peened layer was intended to determine whether peening

alone could seal narrow cracks sufficient for HIP closure, as observed in

another material by General Electric/AEG , Evendale. Finally, an attemp t

to look into a simple pickling procedure as a surface and crack cleaning

option was included in the series. To avoid the possibility of not

bonding because of a defective coating rather than by the characteristics

of the cleaned surfaces , the cracks in the pickled specimens were closed

by a plate of IN—718 electron—beam welded over the top of the specimen.

After welding, but before further coating or treatment , the

open surface ~ 
• ach specimen was ground through No. 600 grit paper to

even the surface . The specimens were then pickled 5 minutes in a solution

of 8 parts H20, 2.5 parts HI’~03 and 0.5 part HF to remove any oxide ,
followed by a water rinse. To further clean the cracks, the specimens

were leached 1 minute in a solution of 1/3 HNO3 and 2/3 HC1. After this ,

they were water rinsed , ultrasonically cleaned in 200-proo f alcohol , then

air dried at 100 C.

The PVD coatings of 75 to 250 pm (0.003 to 0.010 inch) thick were

deposited at 10 to 25 urn/hr (0.0004 inch/hr) . Substrate temperatures

ranged from 200 to 500 C. Both the shot peening and the ceramic coating,

Solaramic 5210 , were carried Out by General Electric/Af~ . Evendale.

L 

Steel shot was used for shot peening. The specimens appeared as shown in

Figure 11 after surface treatment but before HIP. Before surface

• • - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



TABLE 6

SUMMARY OF THE SURFACE COATINGS AND

TREATMENTS GIVEN THE FIRST SERIES OF

SIMU LATED CRA CIC SPFCTMr’Jc

• PVD coated with 250 pm coating of IN—718

• Ceramic coated with Solaramic 5210 coating

• (1) Shot peened surface to 0.015A intensity (a)

(ii) Ceramic coated with Solaramic 5210 coating

• (1) Oxidized 6 hr at 816 C in air

(ii) Cleaned with HNO3—HF so1ution 0’~ , ultrasonic rinse in
water and alcohol, air dried at 100 C

(iii) Plate of IN—718 welded over surface(c)

• (i) Shot peen to 0.015A intensity

(ii) Recrystallize anneal 1 hr. at 954 to 982 C in vacuum

• (1) Shot peen to O.015A intensity

(ii) PVD coated with 250 pm coating of IN—7l8

(a) “A” is a scale of intensity for shot peening.

(b) The pickling solution consisted of 8 parts H.,O, 2.5 parts HNO3 and
0.5 part HF. The specimen was pickled 10 miiiutes at 32 C (90 F).

(c) Electron beam welded.

41

- -
- __ _ _ _ _ _ ______,_~. —.• - -- _ _ -_• -~____~______s_____ _ -.~______ ._ •__.

__ ---.- - -. --------- - -&-. — —



-

/

• c re 11 . ~ i s t So r ~ e ‘~~ S ~ ~u 1 a cc ~ • a . ~~ S ~‘e ~e n A t e r

Surt ace Vrcd ~ r e n t  •~~~~~~. , ‘ t ’.

e hi
N o .  ‘

~~~~~~~ :\ ~~ ¼ 5 ’.t ‘ ~1 ‘.- h I N —7 iS C’n v N o .  ‘

Shot ~‘~ ei~s’d an~l .\nnea Ion • N o .  Sh o t  ~‘ee t ied

and ~‘\h Coat e~ , No • s Shot ~‘etnt’d and Ce ram

Cod tcd • No. 1 Is 5o am ~t c Coa t oh Cu lv

~~~~~~~~~~~~~~~~~~~~~~~~ — —- - -- - -~~~-~~- ~~~—~~-— ---
- •— ,—

~

- -

~

-—. -•- -



treatmen t , t he  specimens loeked s i m i l a r  to  Spec imen 7 ( F i ~~u re h 1 ’~.

Six specimens , one for each condition , were HIP at Uh3 C

(2125 F) and 103 MPa for 2 hours followed by a 1 hour 1066 C (1950 r~ in-situ

j ressure anneal. After HIP , t he  spec imens  were  examined  v i su a i v , e l i i c m

~r~ ssure leak tested , and sect toned for met allograt~hic examinat ~cn w•.:

subsequent aging.

Only the cracks in the shot peened and ceramic coated spoc im ~en.

No. 5 , were found to be comp letely closed and bonded , Figure 12. The

unpeened ceramic coated specimen , No . 11, showed some evidence of n a r t i a l

bonding in the narrower cracks but also showed intrusion of t h e  ceramic

coating into the cracks during HIP. The wider  cracks were not  br id ged

(Specimen 11, Figure ii), indicating that cracks in the range of ~~~.) to l5~
wide and wider cannot be b r i d g e d  by the  ceramic coating alone. .After HIP,

the coated surfaces of bo th  ce ramic  coat ed  snecimens had a thin . 20 ~m wide ,

surface interaction zone resulting f r om  an interaction between the  coating

and IN-7l8 substrate d u r i n g  HIP (Figure 13’.

It should be noted tha t very little ceramic coating remained on

the surface of the spec imens after HIP. There were strong indications

that rather than spalling o f f  during cooling , the coating had become suffic~~entlv

liquid at the HIP temperature to run o f f  t he  s u r f a c e  during HIP. Thus ,

this ceramic ccating is able to effectively bridge narrow cracks , especially

i f  the opening is narrowed by prior shot peenthg. The intrusion of the

coating into the cracks can be prevented by shot peening or a PVD coatinc

to bridge the cracks before coating with the ceramic.

Neither of the magnetron PVD coated specimens (Nos. 7 and t~~

showed evidence of crack healing . ~letallograp hic examination showed that

the PVD coating did not adhere to the peened specimen , No. t-’ , probably

due to insufficient cleaning of the peened surface prior to coating. In

the unpeened specimen , the coating adherence was good , and the two narrower

cracks (25 and 30 urn wide) appeared to be bridged even though the” did not

heal. Post—HIP sectioning of this specimen showed that these narrow cracks

were propagated nearly all the way through the coating because of the surface-

nor~~1-oriented growth tendency of the coating . Typical bridged and unhridged

regions over the two narrow cracks are shown in Figure 14. Thus , even the

43

- ~~~~ - - - ‘



-

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~,$*J % 
~~~~ tv&’.

I 
-

•

¶ 1.~
~ . .. .

, • -

. • •‘i~. ,. - . 
• S ~~~ ~

. 
- .

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~• . . -
~

.
.

~j .’ ,~ %‘ 7X
~~ (~ros sect 101% ot the s i~e 0 ime n w ith t ho .i rr ~ws ;how i l 1 % ~

t lie 100:11 lens ot t h e  t ou r  c racks

— 
— -

~~ 
— .—

~~~
-—- — — 

•

S

. 

• 

‘~ 

-

~ 
y ‘-~ !S ~

• ~~

- 
- S 

— 

S • . 

,
~

• 

,

~~~

. 

- 
• •.

.
‘

: - : .• ~ .~~~~~~~~~~~~~ . 

~~~ 

•

• S • •

1 _ • -
~

- 
• , • 

.

S. S 
-

‘-. 5 ,
• 

,
. -  S ‘ 

\

‘ 5 r
S

. -
. S ~~~

‘
~
-

JJ2~~7 b o x
I, h Typ I Ca I bu ind  I f 1W 01 t h e  c I I  0k s , ~: he~, i 1w, I he mi sri 1 1 e,i

of t l i t’ bond s t ir  I . i e s ’

F1.~ urt’ 12 . SI mu 1 a t~ d Cr:ick Spec Lnieti No . • Sl,et h~ t’ut’~l
and ‘0 r am i C ( ‘oa t  ed lien Ill I’ • Shewi n~ Cr:i ok

Cl 05511t ’  .ttid Rend i %l ~ t

•~

~

- - -- -

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -
-
~~~~~~~--~~~

m•- -•—-~~ -



‘ 

~,:.:( 
. 

- 

S 
~

sill

3J268 1000X

Figure 13. Surface I n t e r a c t i o n  2one between Ceramic Coating
and Inconel-718 Formed During H I P .
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narrow , seemingly bridged cracks in the PVD coated specimens did not

close and bond because coating defects somewhere along the crack prevented

the coating from isolating the crack.

From these results , it is clear t h a t  gr e at  care is required

to get clean surfaces fo r  good PVD coating adherence after surface treatments

such as shot peening. Also , although cracks of 25 to  40 pm can be bridged

by a 250 pm thick PVD coating of IN—718 , ways must be found to ensure that
coating defects are eliminated. Possible approaches are multiple coatings

and interim mechanical surface treatments such as shot peening.

Of the cracks which were only shot peened and annealed prier to

HIP , one of the narrow cracks appears to have partiall~’ bonded . The other

narrow crack, which was not bonded , exhibited a helium-d etectable leak In th.~
weld area adjacent to one end of that crack when checked after HIP. It is

possible that the leaky weld prevented crack closure and bonding in th i s

case, The edges of all the cracks were heavily worked by the peening . The

edges of the wider cracks were peened well into the crack and exhibited

considerable cracking after HIP.

It is interesting that none of the cracks in the shot peencd and

PVD coated specimen (No. 6) closed , while the narrow crack in the shot peenc’d

and annealed specimen (No. 5) did close and bond . Both spec imens were

shot peened under identical conditions and the narrower cracks were cortp k’t&lv

peened closed . This would indicate that  the recrvstafll’ation anneal of  t h e

peened layer mig ht help to “heal” toget her the  pee n ed ed ges o t  the crack.

No bonding was de tec ted  in the oxidtzed and pickled specimen

because of a gas leak defect in the side GTA welds joining the plat es together.

It is not known , however , whe t h er t h i s  leak was generated during welding ,

oxidation and pickling, or HIP. In this type of specimen a leak in any one 01

the welds is open to all the cracks because the Ind ividu al cracks .irc not

sealed , as in the other specimens. Thus no conc lus ions  r egar d ing the bond i n g

of oxidized and pickled sur faces  could be drawn f r o m  this specimen , hu t  a

dupl icate  specimen was included in the next se r ies  c i t  simulated crack

specimens

A second series of simulated crack specimens was designed

to expand on the su r f ace  t r e a tm e n t ;c o a t i r .g sequen ces ,  based on t he r e s u l t s

t
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of the first series. Twelve 2.5 by 2.5 by 1.9 cm (1 by 1 by 0.75 inch)

specimens were fabricated from three coupons of 0.6 cm (0.25 inch) thick

IN—718 plate stacked and welded together on three sides. Each coupon had

two simulated cracks, one with essentially no width dimension and one

having a width of either 20 to 25 pm (0.0008—0 .001 in.) or 50 to 100 pm

(0.002-0.004 in.).

The twelve conditions selected are shown in Table 7 along with

two duplicate conditions from the first series. The rationale for selection

of these conditions was as follows . It was concluded from the first series

of experiments that an initial surface treatment to mechanically close the cracks

considerably enhances the probability that subsequent coating will seal the

crack opening . Two types of mechanical surface treatment were selected , glass—

bead shot peening and wire brush. Glass bead peening was chosen over steel shot

to decrease the intensity of peening on the surface compared to the severe

peening given the first series specimens (Figure 11), which significantly

altered the surface finish. The glass shot peening used nominally 500 urn

diameter bends under 0.30 MPa (44 psi) air pressure at a standoff distance

of 7.6 cm (3 inches) or 0.33 MPa (48 psi) pressure at 3.8 cm (1.5 inches) for -

1 minute. After coating, a milder peen was used , 0.14 MPa (20 psi) air pressure

at 7.6 cm (3 inches) for 10 seconds. The wire brush was a still milder form

of treatment to minimize the disturbance to the surface while still partially

closing the narrow cracks. Wire b rushing has one disadvantage in that it tends

to open one edge of a crack while it is closing the other.

It was decided that a coating was required to ensure sealing of cracks

even though mechanical closure can be achieved by methods such as shot peening.

The lighter peening selected for this series would not be expected to close

cracks nearly as effectively as the severe steel shot peen given the first

series. In addition , a permanent PVD coating has some advantages which make

it desirable to include it in the rejuvenation sequence. For example , it

replaces material lost by oxidation or erosion. It also adds material which

could be subsequently removed in part , either to provide the desired surf ace

finish to final dimensions or to remove surface reaction layers developed dt.rin~:

processing, or both.
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Vapor  b las t l i quid  g r i t  h o n i n g  was inc luded  because  i t  has been

found to provide a good clean surface which enhances the adhe rence  of PVD

coa t  ings . It will be used t o  rem~.)vt ’ the li ght ox ide coat ing on the

t a t i g u e  t e~ t.ed bars betore coat ing, hu t  i t  w o u l d  h e l p  in closing only the

very ti gh t cracks. Sanding was tried because it could sim ulate a process

required to smooth a peened and coated surface.

The PVD coatings had an undesirable tendency to reproduce the

substrate surface contour in the coating, resulting in the cracks being

extended into the coating for some distance. To avoid this , different

sequences of multi p le coatings separated by ~ mechani cal surface treatment

were investi gated. The purpose of the intermediate mechanical treatment

was to homogenize the character of the surface of the  previous coat ing so

that the subsequent coating would not extend either the cracks or closure

faul ts present in the underl y ing coating .

To determine whether some angle of coat ing would be more favorable

to crack closure then the usual normal direction , one experiment wa~ tr ied

where in  t h e  specimen was f i r s t  t i l t e d  at 4 5 0  to the direction of s p u t t e r i n g ,

This was then followed by peen ing and normal c o a t i n g .

The as—d eposited coatings were quite hard , h av ing a ha rdne ss 01

DPH 579 S2’~. (Compared to hulk hardness of RC 21 in H I P  ma te r i a l  ~nd

R C  42 in SI?. material) . This hardness is rrobably due to both the fine grain

size and aging of the coating at the coating temperature . In this case’,

solution treating and quenching could possibl y increase’ th e ’  grain si n e ’ and

inhibit prec ip itation hardening so as to decrease the h - i r dn e s s  the 1’ c , t  i n : .

This would help to keep the coating from 5.’r a ck i n g  and ~pa ing ~~ t d u r i n g

subsequent shot peening of the coating. In additi on , thi-l anneal c ou l d  servo

as a recrystallization anneal for the underlying shot peened surface l a v t ’r

as done in the first series of experiments.

Before each coating cycle the specimens were cleaned In the

pickling solution described earlier, for 1 minute at 78 C (180 F’). Aft er

this treatment the spec imens were ultrasonicall y cleaned in water and

electronic grade meth yl ethyl ketone , and dried . The methy l ethy l ketone

leaves no residue during evaporation after flushing the c ra c k s  clean. The

specimens were then coated with 100 pm (0.004 lnch~ thick 1’oatiflgS.
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Inspec t ion ~‘ the ~
‘ ~‘.t t ed spec  men s showed t hat the oar ow

cra cks loss than 1 ~ ~.tn ~, t~ . ~)O 1 inc h~ in  i~ Id t Ii we’re hr i dgod w i thou t sho t

p een i ng t o  c lose ’ t h e cracks . rho results i5.- i th t h e ’ larger cracks is t.’ i  e ’

i n c o n s i s ten t  • hu t  in general cracks less t h.cu ‘~~~ - r n  w i d e  that had ~‘~~‘ t ’~~i

~oL’ned bridged satisfactorily . Lirger cracks , and those tha t were wire

brushed • d i d  not hr id ge . When shot  peL ’ne ’d a f t  ~‘i ~‘oat i ng  • some of ho larger

cracks showed c r a ck i n g  o t the c o.e t i ng n ex t  t o  t h e  crack in the suh st r.i to .

The c o.t i og was t’V i dent  Iv  too t ii in and hr i t t  le to d~’ for m and f low tnt o he

substrate crack during peen Ing as des 1r’d

In add i t  ion to the sec end ser i t’s of 12 spec imens • 2 sp ec im e~ns

conta ini n~ four cracks each were includ ed from the first series. These

.ire shown at  the bottom of Table 7. One of these is the second specimen

to he 5.’xidi .~ed then pickled and cleaned to inv es t iga te  the bonding

bt.’ha~’i i r of oxid i.~od surfaces.

The’ ove ra l l  resu l t s  of the exper iments  wi th  regard to  crack

b r i d g i n g ,  ¼’ 1 osure  and tIghtness 01 c r ack , i t t ~ summar t :ed In i.ii’ le 7. Possible

leaks throu gh the c oat ing or weld or each c r ack  were’ looked t or in .t s i mp  lo

t e s t  by p r e s s u r i z i n g  t h e  spec imens  in he 1 ium , it  2 . 1 MPa ~~ p si to  d r i v e ’ ~..cs

through any leak in to the c ra ck , then trans t erring the’ spec ime’n to .1

methanol bath t o detec t b u b b l e s  of helium gas e’Sc5tp i u~ fr om the’ crack. ~‘h is

method w i l l  work fo r  a re .isonab Ic range of de t o ct  si . e ’S .  bu t i. i l l  not work

f or  e i t h e r  very  smal l  or very  la rge  defe cts. None ~ t t h ~’ cracks in which

leaks were detected b e f or e  HIP  closed during HIP.  Two of the 12 specimens [1
were not inc luded in the HIP experiment he’~’ause l e ak s  were 5.lot cc ted in hot h 

-

cracks.

:\f tèt HIP , all 5.’t the spec imens were’ St ’I ’ t toned and t’xarn  i nod 1w

opt teal microscop y . Three cracks bad 5.lef m i  to lv ~
‘ losod m l )  bonded . .-\l 1

th ree  were narr ow , 1. 5 ~im wide , and had been poened b e f or e  coa t  i n g  . l’wo

o f these had been given a double  seq uence of p e en i ng  ,mnd c oat  j o g .

Typ ical appearances ~-‘f the c r a c k — c o a t  in ~ intersect ton  and t h ’

crac k i n t e r f a c e  along the bond line .itter HI)’ ar e shown In  F i g u r e s  15 and lb. -

‘

Figure 15 is representative of Spec imen 1—~ a iso . Figure 15a shows a

case whe re the  coa t log adhered well during HI)’ and Figur e’ tba shows a . . i ~ .c

where the coating did not adhere well. h~o t h adh er ing and nonadhering coatings
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3865VD I l ix
(a’) Crack and surface of specimen

38b(iVD 2 13X
(b’) Bond line fa rther below coated surface

Figure 15. Bridging and Healing of Crack t2 .5 ~m
Width be fore HIP’): Coating Sequence :

Peen /Coa t , Specime n l-o .
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3863vD 213x
(a’) Crack and surface of specimen
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33565 500X
(b) Bond line farther be low coated surface

Figure 16. Bridged and Healed Crack ,2.5 ~im Width Before
HIP); Coating Sequence : Peen/Coat/Peen/Coat ,

Specimen 1-2 .
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were also associated with cracks which did not close and bond . The

sporadic adherence might indicate improved cleaning of the surface

is necessary before PVD. Both Specimens 1-1 and 2-5 had a small cluster of

what appeared to be’ r ec ry s ta l l i zed  grains  at the crack- su r face  i n t e r s ec t ion
tFigure lisa ). The bond line at the intersection in both instances show s

a slight deviation which may have existed prior to RIP. The recrystallization

may thus be caused by the de formation induced by squeezing this region

together. Alternatively , it could be caused by localized deformation induced

by peening the edges into the crack.

The bond lines of the crack interfaces for the most part etched

simi larly to a grain boundary. Also , the bond line voids being spherical indicated

bonding had occurred . There were regions where grain growth across the bond

line did occur during HIP ~Figure l~h). However , in many regions the bond

did contain a significant amount of porosity or “dirt ” ~~igures 15 and It” :

this bond l ine porsitv or dirt is expected to weaken the bond and is thus

undesirable . Improved c leaning technique s fo r  cracks  m r e ’ cl~’arlv required to

remedy this situation ,

In Specimen 2, which was oxidized and the’n cleaned before having a

lid welded over the top of the cracks , the’ interface had an appearance’ as

shown in Figure 17 . The cracks had all closed , bu t instead of a simple

bond line , a layer of finer grained material lined each side’ of the’ bonded

crack. The bond appears to he very good ; only in a few p laces was the

position of the origina l bond line e~iscernib le ~Figure 17a
’m . Althou gh both

the top and crack surf aces o f the ox id ized  specime n bad t he f i ne gr .i i ned

l.ive r , the cove r plate , which had not been oxidized , did not show this

e f ; e ’ c t  tF igu re l7b ). The wedging of the top plate Into the’ crack ~,Figure 1~b ’~
happened be’cause this particular crack was a wide’ crack. The cause

for the fine grained region is not certain . The sheet used for these’

specimens was cold rolled and aged . One rationa le is that subsurface

inte ntal oxidation or nitride or carbide formation occurred during oxidation

and these particles inhibited grain growth in this Liver during HiP . Any

compositiona l changes in this reaction zone , e.g. enrI chmen t o f nicke l ,

ma’~’ have aided the diffusion bonding process. This observation is interest-

ing in that it suggests that some’ oxidation of the surfaces to he bonded .

e.g. crack surface’s , may he beneficial in producing surfaces whi ch bond

well during HIP.
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35560 250X
(a) Bond line away from specimen surface

35561 250X
(b) Crack intersection with surface. Top part is the

cover plate of the specimen. Vertical fine grained
region marks the original crack location

Figure 17. Microstructure of Bond Line and Surface of Oxidized r

and Cleaned Specimen after HIP. Specimen 2
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Examination of the coatings after HIP showed that despite apparent

integrity of the coating before HIP , the specimen may react to RIP as

shown in Figure 18 to rupture the coating . What appears to have happened

in Specimen 2-4 i,Figure 18) is a relaxation of residual weld stresses

or some othe r source of shear stress during HIP, which shifted the opposite

side s of the crack sufficient ly to break the coating above the crack. The

shift is only 10 ~m at the surface as measured in the micrograph. The partial

c losing of the crack by the in i t ia l  shot peening is also visible in

Figure 18.

Fatigue Bar Studies. On the basis of these investigations, a pre-

HIP rejuvenation processing sequence consisting of peen/coat/peen/coat was

selected for treating the fatigue re juvenation specimens . To evaluate the

potential effectiveness of this processing sequence , an investigation of the

brid ging of secondary cracks in fractured fatigue bars was undertaken. Fractured

fatigue Specimen No. SB-I , containing numerous secondary cracks , was given

the coating sequence on one half of its circumference but left uncoated on

the othe r side . After HIP, the specimen was sectioned longitudina lly and

the relative appearance of cracks on the coated and uncoated sides was corn-

pared. Some cracks did remain on the coated side . ‘lost of these were wide

cracks and obvious defects in the coating were observed , accounting for the

failure to heal during HIP (Figure 19a ’).

The cracks connected to the uncoated side of the bar all showed

a surf ace zone approx ima tely 30 ~m deep consisting primarily of oxidized

particle s in the surface-connected grain boundaries. These oxidized

particle s are presumab ly grain boundary carbide phases (Figure 19b’). The

cracks bridged by the coating showed no sign of this reaction zone because ,

although there were defects through the coating causing the cracks not to heal , 
-

these passages would be very narrow and there fore getter the gas passing

through into the crack.

To minimize the probability of leakage through defects in the

PVD coatings during HIP of the fatigue rejuvenation specimens , it was

decided that the rejuvenation processing sequence would be supplemented

by a ceramic overcoating. This appeared to constitute the surest surface

sealing technique on the basis of earlier experiments. It was reasoned
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Figure 18. As Polished Surface of Specimen 2-~+ Showing

Shift of Opnosite Sides of the Crack , Rupturing
the Coating .
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(a) Crack under coating with defect. (b) Crack intersecting glass bead shot

Crack opening is about 45 ~.im 
peened but uncoated surface of

specimen

Figure 19. Appearance of Secondary Cracks on Coated and Uncoated 
Surfaces

of Fracture Fatigue Bar SB—i after HIP .

The Surface Reaction Zone Which Developed During 
RIP Extends

about 30 pin Deep Below the Surface . Longitudinal Section .
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tha t the? USO ot both coat lug t e c h ni q u e s  i n  t ande m might be necess,lrv in

~‘rac t ice. The PVL ) met a  11 ic co at  in ~ w ou l d  ser ve~ to ( i rest oro d imt ns i ona I

integr I t v  whe re  service—oxidized material had to be’ r emove d du r  in pr~’-

re ~uvt ’nat ion c l e a n i n g ,  ii ) act ~~ j  b a r r  i c r  to the che’mica 1 tnt c t a c t  ton

observed b e t w e e n  c e r a m i c  coa t ings and subs t r a t e ’ m at  er i a I , and i. ii i ~ i nh I hi

intrusion o t t hit ’ ceramic coating jut o the cracks dur tug H I P ,  Fhe ’ ccram i

ov er coat  • Ofl the other band , WOU Id se rve  as t he’ backup  sur  f t c  e’ ~lt I cc t S L I  1 i n~

a~ etlt • and I im i t t he  t n t  ct - a ct  Ion of t h e  a i i  or sur I ace w i t h  t h e  H I t ’  a t m ’ - ~;~ht ~ e

The f i n a l sur taco and coat  ing  treatment used for the fat !~~ ut ~ b a r s  w a s

desc r ibed  e a r l ie r  In the E x p e r i m e n ta l  P roced u res  soct  ion.
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APPLICATION OF REJUVEI’ATION
PROCESS TO FAfIGUE D~1~M.\GE

B a s e l i n e  Fat  ig~j~ P r op e r t i e s

R e s u l t s  o t  the  t e s t s  u se fu l i n  e s tab l i s h i n g  the  b a se l i n e  f a t i g u e  re-

s i s t ance  of IN -7 18 ex t ruded  and STA m a t e r i a l  are p re sen ted  in Tables  ~~~, Q , and 10 .

Recall  tha t  a l l  t e s t s  were car r ied  out a t  5~ 8 C. The m a j o r i t y  oil t o~~t ing  was

ca r r ied out in a rgon , t h e re  being no discernib le diffe rence in the  r e s u l t s  of

tests pe’- formed in argon or in a i r .  The quantities set , .~eC and ~~~ are do-

fined in the usual wa~- (~~~ . Results from Tables  ~ and 10 are plotted in

Figure .~0, as the open svrnboI~~. Data pl otted are for total life . Figure 20a

presents these data on the basis of  total strain , whereas , Figure 20b pr~’sents

them on coordinates of p lastic strain . It might be noted that , as compared to

Figure 20a , data p lotted on coordinates of plastic strain range and life in

Figu re 20b are “spread out ” . In Fi gure ~ Th the plasti c strain-life to separa-

tion trend line has been est-abi-Ish ed , giving consideration to three major

factors :

(1) The d i s t r i b u t i o n  of the  f a t i gue  f a i l u r e  da ta

(2) The value of the t rue f r a c t u r e  s t ra i n  range

(measured from a tensile test ’) throug h which
the curve should pass

(3) The characteristic slope of such C o f f i n — M a n s o n

plots.

The failure trend curve drawn has a slope of about -0.5 , passes through the

t rue i racture strain , and provides a reasonable fit through the f a i l u r e  d a t a .

Figure 20a also shows as broken lines two fatigue resistance trend curves

established for this material in the corresponuing condition , as reported in

the iiterature (14,15’). Note that the data developed as a parc of this pro-

gram tend to fall below these total strain -life trends*. However , when these

data are compared on the basis of the p l a s t i c  s t r a i n - l i f e  r e l a t i o ns h i p  as shown

in Figure 20b , th ey correspond c losely , except a t  lives less than abou t 100

cycles. This behavior can he attributed to the previousl y noted di~~fo r e nce s

in the monotonic stress response which showed this material on the low side

* The mater ia l  in th i s  pro Qr am , a l t hough extru ded , retains much of the  c h a r a c t e r
of an as—cast material except i t  ha s f i n e  grain sfre . The broken line data i s
for wrought material.
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of the trend curves at 538 C (Figure 5’). Plastic strain , there fo re , prov ides

a common basis  to  compare f a t i g u e  r e s i s t a n c e s , at  least  on the  bas i s  of t o t a l

life .

Total Life

With respect to the results of six valid baseline tests at the

selected strain range for HIP rejuvenation in this prog ram (0.8 percent ) ’- ,

of 16,149 (Figure 20, Table 10’). Based on these six results , t he mean and

dispersion are strong ly biased by an apparent outlier (Specimen 2C-l~ for

which the life was 45,960 cycles. Because of this inordinately long life ,

a second test was performed using a specime n from Bar 2 , the  l i f e  b e i n g  523 7

cycles . It was , there fore , concluded tha t the r e s u l t  f o r  2 C - l  was an ou t l i e r

and not representative of Bar 1 material. Excluding this r e s u l t , the  mean

l i fe  to fr ac tu re  for the baseline 0 .8 percent  case is 6t ’2 0 cy c l e s  w i t h  a

s tandard dev ia t ion  of 1887 cyc l e s .  The co r respond ing  c o e f f i c ie n t  of v a r i a t ion

is 29 percent .

Crack Initiation Life

As noted in the tab les , the number of cyc les to crack initiation , N~~,

is herein de fined as that life at which the tensile component of the cyclic stress

response first began decreasing asymmetrically as compared to the s t a b l e

comp ression response . Also inc luded in some cases is the l i fe  at  a 5 percent

load drop. Such a definition obviously includes a portion of the l i f e  spent

propagating the fatigue crack and is therefore an upper bound on the  ac tua l

N1. For the baseline 0.8 percent case , the results in Tab le 10 (exCluding

Specimen 2C-l’) give a mean cycles to initiation , N1, of 4487 cyclos with

a standard deviation of 819 cycles , giving a coefficient of variation of

18 percent .

Alternat ive ly , resu l t s  reported in Tables 9 and 10 are also usefu l

in establishing the re lative fractions of life spent initiating and prop.i~ a t :ng

fatigue cracks in these tests . Such a demarcation is essential to establis h

predamage levels for pre - and post- crack initiation damage reluvenation studies.

A value for  Ni can a l so  he obtained by examining i t s  v a r i a t i o n  with

st ra in ampl i tude . Data from the t abu la t ions  of Nj ”N f where N f is the cy cles

to f rac ture  have been p lot ted  as a func t ion  of s t ra in  range in Figure 21 .

* For rationale in selecting ~ .8 perce nt for _e t see Test  Prog ram S4 ’ctior .
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The solid points represent actua l observations , whereas the open symbols

represent results from the incremental damage study (Table 8’) and are ,

therefore , based on an assumed (mean) fracture life established in other

tests. Based on the uppe r bound trend shown in Figure 21a and the

characteristic dominance of stress (elastic-strain’) on fatigue resistance

at longer lives (total strain ranges less than 0.70 percent ) shown in

Figure 20 , the upper bound trend for the plastic strain range is constructed
as the solid line in Figure 21b . For purposes of convenience later on , this

trend is assumed to be represented by the bilinear trend shown as the

broken line. Based on this bilinear representation , the value of the ratio

Ni/Nf is 0.73 at plastic strain ranges less than 0.375 percent (total range

of abou t 1.10 percent). Since the total life (life to separation’), shown

as the solid line in Figure 20, represents the sum of the life fractions

spent in crack initiation and propagation , an initiation trend curve can

be obtained by subtracting the number of cyc les spe n t in crack propagation .

computed using the trend curve in Figure 21 , from the number of cycles to

failure computed from the solid curve in Figure 20. This line corresponds

closely with the initiation data which are shown by the open symbols in

Figure 22.

Crack Propagation Life

Given the scatter in the results of Figure .11, it is difficult t .”
establish whether the ratio of N~ .’N1 remains constant at plastic strain ranges

less than 0.375 percent . Ana lytica l techniques used in the previous study

of Ti-6A.t~-4V~~
’) could be used to aid in such an assessment . However , the

- + materia l constants necessary to compute the crack propagation period are

lacking. Therefore , the number of propagation cycles included in the previous ly

adopted definition for crack initiation cannot be directly ascertained . In-

direct estimates of Nj based on early visual sightings of the specimens during
the fatigue test indicated that , in extreme cases , this definition actually

includes propagation periods as great as 10 percent of the total life . Wi th

respect to the question oi~ whether N~ or Ni/N p is cons tant , the only remaining

alternative to provide an answer is to examine the statistical variation in

crack propagation period as compared to that for total life and cycles to

b7
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crack initiation. The five baseline test results in Table 10 bear directly

+ 
on this computation ; the specimens being 2 B 1 , 2 C l , 3C2 , 4C-1., iC-i , and

IIB-2 (with the outlier 2C-l being excluded). As noted in the previous

section, the initiation statistics are a mean of 4487 cycles with a

standard deviation of 819 cycles, giving a coefficient of variation of 18

percent. The corresponding propagation statistics are 2133 cycles and 1308

cycles, giving a coefficient of variation of 61 percent . Clearly, there is

less relative scatter in the initiation data , at least in the context of

total strain. The corresponding statistics for the ratio of Nj/N f reflect
this, yielding a coefficient of variation of 19 percent . Based on these

results , it may be concluded t ha t the character of the initiation data

dominate s the character of the total life , the crack propagation period

being quite variable and perhaps not constant for a given total strain.
Unfortunately, no direct inference can be drawn.

Other Baseline Data Analysis

It is worthwhile to examine the remainder of the pertinent base line

data to establish to what extent they correspond with the results considered

thus far. These five results , f rom Table 8, for Specimens 5C-l , 8D-2, llB-l , 
-

11C-2 and 12C-1 are plotted as open triangles on coordinates of each of

total and plastic strain versus life in Figure 23. Because these tests

were not taken to failure , only crack initiation results are available . Note

that for these data , the crack initiation trend replotted on these figures

from Figure 22 serves as an upper bound on life. This is a result of using

the upper bound on the ratio Ni/N f (Figure 21) to establish these initiation

trend curves. Also plotted in this figure are the initiation data deve loped

as a part of the predaxnage processing of the fatigue bars to be rejuvenated

(as reported in Table 11). Both results for Specimens 7B l , 7 B 2 , 7C2 , 3 B 1 ,

llD-l, l2B-l and l2B—2 , for which initiation life was measured , and specimens

5C-2, SD-I, 7D-l , 7D-2 , 88-2, 8C-1, 8C-2 and 9B, which define a lower bound

on initiation because initiation was not observed , are included. Data which

define initiation are shown as open squares , whereas data which bound

initiation below are indicated by crosses. Clearly , these additiona l data
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suggest tha t the rat io of Ni/N f may be less than that indicated by the

upper bound curves shown in Figure 21 , or may not be constant at all .

Based on the total initiation data set (14 specimens), the mean life to

initiation at the program to ta l  s t ra in  range of 0.8 percent is 3487

cyc les , with a standard deviation of 1119 cyc les. This is in strong

contrast to the results of Figure 21 and the mean fracture life for this

condition which show that the average life to crack initiation is 4833

cycles*. This difference is apparent ly due to the fact that Figure 21

provides an upper bound on initiation. Given the same average fracture

life for the complete data set , the value of N~/Nf is O .53~
*.

The above value of 0.53 is less than that reported in the liter-

ature for similar material (wrought bar in the STA condition ) and testing

environment , when initiation is defined as the crack length observed for

decohesion of a heavy shear band (defined as a thin deformation twin)

extending over a distance of one or two grains ’15’
~. In that study,

developing such decohesion cracks about 70 i.i.m long took about 70 percent

of the life. If this result can be considered to mean that N~ ’Nf as shown

in Figure 21 (73 percent) is correct , then the average number of cycles to

fracture for this total data set (including all 14 specimens ) would be less

than the mean of 6620 cyc les for the reduced data set Unc luding only the

five specimens from Table 10, Figure 20). In this case , the mean fracture life

would be 4777 cyc le s~~*, about 72 percent of, or 1843 cyc les less that , 662 0

cycles. This mean of 4777 cyc les lies just within one standard deviation of

the 6620 cycle mean. Finally, note that both the 4777 cycle mean and th-~-

6620 cycle mean lie above the assumed lower bound for initiation of 2100

cycles. Initiation occurred after 2100 cycles in all but one case (Specimen

7C-2). As such, the propaga tion peri od , N~ , ranges from 6620-1925 4695

cycles to 4777-2 100 a 2677 cycles at the extremes of the observed results.

Consider now the influence of the rejuvenation process on the

base line extruded plus STA IN-7l8 fatigue resistance .

* Aseuming Ni/N f 0.73 and Nf 6620.
‘
~~~ Given Nj 3487 and Nf 6620; Nj/Nf = 0.53.

Given Nj a 3487 cycles and Ni/N f — 0.73 ; Nf 4777 cycles.
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Influence of Reluvenation Processing
on Baseline Propertie s

Figures 20 to 23 document graphically the baseline fatigue

re s i s t an ce of the STA IN-718 at 538 C, these plots being derived from

data in Tables 8, 9, 10 and 11. As noted in the approach and detailed

in t he actua l test  matrix , Tab le 1, one of the purposes of this program

is to asses the relative influence of the processing parameters on the

fatigue properties so that the effect of the rejuvenation on fatigue damage

can be determined. The purpose of this section , then , is to address data 
-

developed to isolate the influence of the processing parameters on the

baseline fatigue resistance . Data useful in this assessment , in addition

to that discussed thus far , are reported in Table 10.

Data reported in Table 10 are plotted in Figure 24. Figure 24a

plots these data as open symbols on coordinates of total strain and life , 
-

along with the initiation and fracture trends taken from Figures 22 and

20 respective ly. Note that for the sake of clarity, only the fracture

data (open symbols) are reported in Figure 24a, whereas Figure 24b

includes initiation data (slashed symbols). It is evident that the

rejuvenation processing gives rise to a margina lly increased total

fatigue resistance on a total strain basis (Figure 24a). The coat plus

HIP treatment (C + H, data shown as triangles) has a somewhat larger

beneficial effect than HIP alone (H, data shown as squares). Now , with 
-

reference to Figure 24b, note that while the same trends present in

Figure 24a exist here , the choice of a plastic strain basis for data

comparison tenda to (i) spread out the data , and (i~ + suggest , because of

a reduction in apparent scatter , that the improvement in fatigue resistance

for both initiation (slashed symbols) and total life is not as great as

for total strain. Nevertheless , there is an improvement for each of the

ii end C + H treatments. r

A direct comparison of the mean values of fatigue life for the thret~
... t~ne condition s is as follows . The STA condition had a mean life of

~:(~ vc l.e . vith a standard deviation of 1887 cyc les; the H condition

war life of 7197 cycles with a standard deviation of 1585 cycles;

- ~- 1,ndttt~xs had a mean life of 12 ,367 cycles with a standard +

.1 ‘S’s cyc les.
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Based on the results reported for the influence of HIP on the

inicrostructure , one might surmise that the increased fatigue resistance

is due in part to the homogenization of the microstructure described

earlier (Figure 9). If homogenization removed potential crack initiation

sites associated with coarse, brittle phases and weak interphase inter-

faces, it would be expected to impact most substantially on the crack

initiation stage of life , as detailed below .

Simple statistical calculations are useful in assessing to what

extent the improvements in total life may be traced directly to the

initiation stage. First , with respect to the baseline data set (5 specimens .

Table 10), the mean life to crack initiation (excluding as before , the

outlier , Specimen 2C—l) is 4487 cycles wi th a standard deviation of 819
cycles. In contrast, the mean initiation life for the HIP processed bars

(Table 10) is 5412 cycles with a standard devia t ion  of 1124 cycles , w h i l e

that for the coated plus HIP processed bars (Table 10) is 99~6 cycles , with

a standard deviation of 424 cycles . As such , on the average , HIP gives rise

to an 4ocrease in life to initiation of 925 cycles , whereas the surface

treatment and coating aspect contributes 5489 cycles of increased l i fe

when used in conjunction with HIP. With respect to the corresponding

results for improvements in total life , note that for the HIP condition

the increase in initiation and fracture lives correspond closely —

cycles in total life and 925 cycles in initiation life. Likewise , for

the coated plus HIP condition; the further life increase is 4804 cycles ,

whereas the increase in initiation life is 4564 cycles. It can , there-

fore , be concluded that more than 95 percen t of the increase in total

life is due to changes in the crack initiation fatigue resistance .

For the same baseline block of data , the average crack propaga—

tion period is 2321 cycles with a standard deviation of 1.58 cycles.

The mean propagation period for the H case is 2151 cycles and that for

the C+H case is 2391 cycles , whereas that for the complete set , inc lud i ng

data for both conditions (11 specImens) , is 23O~ cycles , w i t h  a standard 
+

deviation of 1178 cycles . Thus , one can conclude t h a t  the pr opa~ at i c n

period is apparently insensitive to the rejuvenation processing steps.

On the other hand , the initiation stage is r’t .

The reasons for the modest increase in the haseline life f~’r

HIP alone and the substantia l increase after coating and HIP  together

cannot be simply isolated . The most obvious effect of HIP that could
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be expected to increase fatigue resistance is the homogenization of the

microstructure .  Numerous near—surface and internal cracks associated

with inhomogeneities were observed after fatigue testing the STA specimens .

This internal cracking was absent in specimens fatigue tested after HIP.

There are two other effects to consider the effect of the grain

growth occurring during HIP and the effect of surface treatment and

coating. The effect of grain growth is usually to decrease fatigue life

with increasing grain size. The grain size of a number of H and C+H

fatigue specimens was measured after fracture, including predamaged

specimens from Table 11. Although there was a trend towards increasing

N1 with increasing grain size, the range of grain size was too limited

and the scatter in the N~ was too great to give a definitive indication

of the grain size dependence of the initiation life. Excluding the H

condition, the grain sizes for the specimens in Tables 10 and 11

were in the range 170 to 260 urn (mean planar intercept) , with the baseline

C+H specimens having a grain size range of 186 to 201 urn (2 of 3 specimens

measured) . The baseline specimens in the H condition showed a size range of

370 to 420 um (2 of 3 specimens measured). If the ratios of the mean

initiation lives are compared to the ratios of possible grain size

dependences of the initiation lives, the possibility of accounting fo r

the differences in life by grain size differences emerges . The ratio of

the initiation lives for the H and C+H baseline conditions (Table 10)

is 5412/9977 — 0.54. The ratio predicted by an inverse grain size

dependence of life is 0.49 and that predicted by an inverse square root

grain size dependence is 0.70.

The effect of surface treatment can either increase or decrease

fatigue life. The specimens in the H condition were machined in the STA

condition , then HIP . Thus, machining could have caused small surface

cracks associated with brittle phases or weak interfaces intersecting the

surface to develop. These small surface cracks would not be removed b

HIP and could conceivably shorten life after HIP . By surface treatment ,

shot peening and coating the machined surface before HIP , these small

defects would be healed . In addition the coated specimens appeared to have

a sh allow , variable—depth , layer of nominally finer grains about 15 ~m

deep at the original surface of the specimen . These presumably resulted
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from recrvstalli~ation of the shot-peened layer. In addition , the coating

itself was fine grained and approximate lv 15 ~m of tile origina l 75 cm

thick coating remained on the specimen after p o l i s h i n g  the  surface for

post—HIP fatigue testing . T h e  e f f e c t s  of these  f in e - g r ~t ine d  l ay er s  w ou ld

tend to  i n h i b i t  c rac k  i n i t i a t ion  and t h e reby p r o l on g  the fa t igue l i f e .
The large increase in l i fe  shown by the  coated and h i P  c o n t ro l

specimens was unexpected , since the h I P - o n l y  specimens included i n  a

prel iminary HIP run to  check the effect of the 1111’ c o n d i t i o n s  on the base-

line f a t igue  proper t ies  had shown onl y a modest  increase ove r the  STA

baseline life. The coate d , undamaged specimens were included in the f ina l

HIP run along with the predamaged fatigue specimens after the c o a t i n g

parame ters had been defined . Therefore , instead of having a situation

where the processing variables had little effect on the baseline life as

orig ina l l y in tended , the processing had a large effect on the re ference

lifetime , compared to the number of predamage cyc les .

~~Juvenation of Pr edamaged Specimens

Rejuvenation data for damage Levels 1 and 2 are tabulated in

Tab le 11, whereas the corresponding base line data are reported in Taole 10.

i t  is important to note that while each of the tests performed to develop

these data was done at nomina l ly the same total strain range (0.80 percent ).

the corresponding stable plastic strain range var i ed  from 0.82 to  0 . 2 f ~
percent. The majority of the data , however , we re grouped  between 0.10

and 0.15 percent plastic strain range . In that it has often been argued

that plastic strain controls the rate of fatigue damage accumulation in

the life regime of interest in this program , a broad dispersion in plastic

strain would be expected to mask otherwise real trend s in these data j~~

compared only on the basis of total strain range . However , the dispersion

on plastic strain is very small in this stud y ,  and the plots of N1 and N f

versus plastic strain range had little effect on reducing the scatter in

Figure s 20 and 22. The results will , there fore , be considered only in the con-

text of total strain . However , because the rejuvenation steps and the possLhle

presence of unhea led damage apparently do i n f luence  the initiation stage of lif e .
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it is essentia l to assess the feasibility of HIP rejuvenation for both pre- and

post—crack initiation predamage levels , as well as for the total life.

Consequent ly , all the data wil l  f i r s t  be considered by direct comparison
of total life with the reference C+H baseline life , then effects of a typical

crack initiation will be assessed , and finally rejuvenation in terms of the
effect of coating and HIP on the initiation life of predamaged specimens

will  be addressed .

Total Life Analysis

Data for the baseline cases of: as extruded and STA tN—718 , H

and C+H, are shown in Figure 25a. A total of 12 data points are presented

in this bar graph (6 for STA , 3 for STA+H and 3 for STAi-C+H). As just

discussed, the H and C+H conditions give rise to increased fatigue

resistance as compared to the STA baseline condition.

Of t hese three baseline conditions , th at for the C+H s ta te  is t
selected as the reference condition for rejuvenation of both Levels 1

and 2, respectively , for the total life analyses. This approach assumes

that (i) the fatigue predamage induced in the STA condition reacts to

rejuvenation identically to predamage which wculd have been induced in the

STA+C+H material , and (ii) the damage accumulates at the same cyclic rate

in both conditions . Alternatively the same baseline could be selected ,

assuming that the pre—crack initiation damage in the STA condition has no

ef feet on the subsequent fatigue resistance of the STA4C+H condition. With

reference to Figure 25b , it is apparent that the rejuvenation processing

failed to increase the mean total life of the rejuvenated specimens beyond

that of the reference SIA+C+H data base.

For specimens having Level 1 predamage, the life to initiation

was 4957 cycles with a standard deviation of 2527 cycles and the life to

fracture was 7819 cycles with a standard deviation of 3619 cycles , g iving
a total life , includ ing pred amage cycles , of 9906 cycles with a standard
deivation of 3624 cycles . Fot the Level 2 damage specimens , the mean

predamage life was 3885 cycles with a sta’~dard deviation of 
1032 cycles .

After HIP, the mean life to initiation was 3841 cycles w i t h  a s tandard
dev iation of 2340 cycl es, the fracture life was 7074 cycles with a standard

deviation of 4274 cycles , and the tota l life , including predamage, was

11,077 cycles with a standard deviation of 4171 cycles . For both predamage
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Damage Meun Life ,
Level Condition cyc les

OutI,er C~cludCd
0 STA 6620 —-——  S. • — ~~

0 STA .(Hl  7563 ~~L —

0 STA + (C + H) 2 , 367 S •~+

I I I ~~~~~~ I~~~~~I

Total Life , cycles

(a) Comparison of STA baseline and rejuvenation processing baseline conditions

0 STA +( C + H) . 12 ,367

STA + ( C + H) 9906 X •4(-ø( SU •

lo s

Total L ife , cycles

(b) Comparison of rejuvenation processing baseline and Level 1 conditions

0 STA + (C + H) 2 ,367 +
L_ +

2 STA + (C+H ) 11 ,077 — __
~~~~~ 

__.___x

:~~~: : I  I Ilo s 
o4

Tot al Life , cycles

(c) Comparison of rejuvenation processing baseline and Level 2 conditions

Figure 25. Analysis of Rejuvenation of Fatigue Damage in IN—718
Based on Total l i f e .

The Dots Represent Specimens Showing “Normal” Crack Init ia t ion and
the X’s Represent Specimens Having a “Flaw—Type ” Initiat ion.
The + is the Mean of the Fatigue Lives and the Bracket Spans the
Standard Deviation.
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levels, the results indicate the rejuvenation processed samples had mean

lives less than that of the reference state , i.e., 12,367 cycles . This

is in contrast to an average life extension of 2100 cycles or 17 percen t

expected for full rejuvenation of Level 1 damage , and 3885 cycles or

31 percen t for Level 2. Thus , one might conclude that while co a t i ng  p lus

HIP improves the baseline properties , this fails to rejuvenate fatigue

damage , and that because the mean life does not lie between the base-

line STA+C+H life and the life expected for total rejuvenation , there

mus t be residual effects from the predamage which exert a larger effect

on the final fatigue lite than assumed above .

It should be noted that the scatter in the fatigue results

after predamage and rejuvenation (Table 11) is much larger than that for

the baseline specimens (Table 10). One cause of this scatter in the

Level 2 specimens is the origination of fina l fracture at a site

in t roduced  d u r i n g  the  predamage c y c l i n g . I t  w i l l  be shown l a te r  t ha t

known preex isting cracks were found to bond during rejuvenation and

not reopen d u r i n g  subsequent  t e s t i n g  to f a i l u r e . Also , c racks  not

detected during predamage were found as bonded cracks during final

sectioning after fracture. However , correlatton of the f i n a l  f r a c t u r e

locations in Level 2 specimens after rejuvenation with the mapped loca-

tions of cracks detected during the predamage cycles showed that

two specimens failed at previous cracks and one specimen might have .

These results are presented in Table 12. Comparison of Tables 11 and

12 indeed shows that the two specimens wi th the lowest total life failed

at known preexisting cracks .

Inspection of the fracture surfaces themselves shows further

differences between the baseline specimens and the prediunaged specimens .

For both the Level 1 and Level 2 specimens , the crack initiation sites

apparent on the fracture surface have two different appearances. One of

these is the same as the initiation sites on the C+H baseline specimen frac-

ture surfaces , wherein the initiation site is located right at the specimen

surface. This is defined as a “normal” initiation site. The other type

shows a re la tivel y smooth , well-defined semicircular area extending in from

the origina l specimen surface to a depth of 0.25 to 0.5 i-mn , and is deft~~d
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as a “flaw”. Since these flaw types were observed only in predamaged

specimens , it is believed that they originated from fatigue damage , for

example , incompletely bonded , undetected fatigue cracks . The description

of the initiation sites on the fracture surfaces are presented in the

right column in Table 11. Note that with the exception of Specimen 7B-l

all the Level 2 specimens had flaw-type initiation sites . Also , half the

Leve l 1 specimens had flaw-type initiation sites .

The test bars showing a flaw-type initiation site on the fracture

surfaces are indicated by an x in Figures 25b and 25c. For the Level 1

damage, the flaw-initiated fractures lie within the lower life end of

the scatter (Figure 25b). The statistics on the Level 1 specimens showing r.

normal initiation sites are a mean life to initiation of 6792 cyc les
with a standard deviation of l74-~ cycles , a mean life to fracture of

9468 cycles with a standard deviation of 4303 cyc les , and a total life ,

inc luding predainage cyc les , of 11,568 cycles with  a s tandard deviat ion

of 4303 cyc les. Thus, allowance for a possib le preexisting crack

initiation site has increased the mean life to initiation and fracture

and decreased the standard deviation in both . However , the mean life is

still not up to the mean baseline C+H life . The sing le Leve l 2 specime n

having a norma l initiation site does not provide a s u f f i c i e n t  basis for

comparison. It did have a life comparable to the baseline life , but

the crack initiation life was still well be low the C+H baseline initiation

li fe .
It is interesting to compare the Level 2 and Level 1 specimens

that failed at flaws (but not at previously mapped cracks). Note that

several of these specimens lie well above the Level 1 specimens (Figures

25b and 25c, the x points). The Level 1 flaw—initiated specimens had a

total life of 8270 cycles with a standard deviation of 2189 cycles while

the Level 2 flaw— initiated specimens had a total life of 13,106 cycles

with a standard deviation of 3194 cycles . A comparison of the mean life

a f t e r rejuvenation shows a l i f e  for  Level 1 of 6170 cycles with a standard

deviation of 2189 cycles , and a life for Level 2 of 8876 cycles with a

standard deviation of 3707 cycles . Therefore, not all of the differenc e
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in total l ife is due to a di f ference in predamage cyc les. However ,

the Level 2 steam contains two specimens with a very long propagation

life (specimens 7C-2 and liD-i) .  To minimize this e f f ec t , a comparison

of crack initiation life can be made ; for Level I the mean initiation l i f e

for f law-ini t iated spe cimens is 312 1 cyc les with a standard deviation of

1695 cycles , while that  for Leve l 2 is 3973 cycle s with a standard deviation

of 895 cycles. Thus, the Level 2 initiation life is also longer than

the Level 1 initiation life . Since there is no reason to believe that
increasing predamage should prolong post-rejuvenation life but there

is reason to believe just the opposite, these two sets of data could

possibly be considered as equivalent, and represent the fatigue life

- 
- in the presenc e of a flaw , possibly an undetected , incompletely bonded

crack induced by the predamage cycles.

To reach some understanding of why rejuvenation of fatigue

damage was not observed even when the initiation sites for fracture after

rejuvenation appeared to be similar to the baseline initiation sites , it

is instructive to examine the possible fatigue damage mechanisms and

speculate on what effect the rejuvenation processing might have on this

damage. As mentioned earlier , pre-crack initiation damage consists of - ‘

the formation of heavy shear bands within the grains.~~
5’16

~ The

magnitude of the accumulated shear in these bands evidently increases in

intensity with increasing cycles until decohesion occurs within a band

near or at the specimen surface , thereby forming a crack. The “v’” and ~~~
‘

precipitates are .possibly resolutioned within these bands.~
16) The crack

then propagates in a predominantly transgranular mode . In addition there

may be internal cracking st Level I damage in the STA condition , associated
with the Laves phases and concentrations of carbide particles , inclusions ,

and coarse Ni3Nb. Post-crack-initiation damage consists of all of the

above plus visible surface-connected cracks 0.5 to 1 mm in length . Wha t
is rejuvenation processing expected to do to this damage ?

The observation of extensive graIn growth during HIP and resolution

of the coarse Ni3Nb , Lave s phase , and some of the carbides suggests that r-.
the Level I damage should be virtually eliminated . The grain size increases

by almost 10 times, from 22 to 30 i.~m in the STA condition to 200 ~Im or more

in the C+H condition. Thus, the bulk of the specimen has been swept by

grain boundaries. This effect , along with resolutioning of the ~“ and ‘
~~

‘
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precipitates, would be expected to homogenize the microstructure and

eliminate any significant effect of the  pred amage shear bands on post—
rejuvenation fatigue life . In addition , HIP closes all internal cracks

and supposedly bonds them together . This line of reasoning indicates

that rejuvenation should have been observed after Level 1 damage , i.e.,
the mean total life should have been ~~~~~ cycles after rejuvenation.

For the Level 2 damage , the same discussion applies to the non—

crack damage . As for the predamage cracks , i t  is shown later that bond-

ing of many predainage cracks had occurred , and the bonded cracks did

not reopen during subsequent fatigue testing. Also only t~ o specimens

definitel y fractured at previously mapped cracks (Table L.~). the specimens

not failing at previously mapped cracks ~,Tahle 12) are the f L ~-e 1o~~g e s t

life points in Figure 25c .

Taking now the case where the rejuvenation process has presumably

removed or bonded all preexisting flaws ~,.cracks) in both Level I (if there

were undetected cracks present ) and in the specimen 3— l from Level 2, why

was there no apparent rejuvenation of fatigue life It is expected  that

the bulk of the specimen is swept clear of previous da~uage and a new

precipitate distribution is developed during post—HIP aging . Thus , if the

predamaged specimens do not fail at preexisting cracks or flaws, there

mus t be some type of residual fatigue damage which is resistant to grain

boundary migration and to resolution and reprecipitation of the secondary

phases . These types of damage are difficult to visualize or evaluate in

the absence of a detailed examination of the mi crostructur e . However , on,3

possible form of damage of this type is the surface offsets associated

with heavy shear bands intersecting the surface during predamage. These ~nOv

not be wholly eliminated or neutralized by the surface rejuvenation treat-

ment. The peening either did not completel y remove them or it transformed

them into a condition to aid subsequent crack initiation . These offsets

would be preserved beneath the coating after the first coating app iLcatiot ’.,

and they would not have been removed b the bulk ~icrostructural changes

occuring during HIP. There might he othe r types as well , such as cracked

carbides or inclusions that did not rebond during HIP.

If it is assumed that some type of fati gue damage s~ r~~~ar to

this is present and has not responded fully to the type of rejuvenation
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process used in this program , then a baseline other than total life must

be used to measure the degree of rejuvenation. The new baseline must

take into account the nonresponsive fatigue damage introduced into the

STA material and what its affect might be on the STA+C+H condition .

This is considered in the next section .

Partitioned Life Analysis

Consider the split of the C+H improvement on baseline properties

between the initiation and Propagation stages of life . Recall that over

95 percent of the irL. reaseo total life of the baseline properties due to

the C+H treatment resided an increased crack initiation resistance.

Because of this , damage analysis to aisess the extent of rejuvenation is

not as straightforward as that used above (Figure 25). Obviously , since

the baseline fatigue resistances of the STA and the STA+C+H conditions

differ significantly , the damage accrued in one mate r i a l  condition should

not be considered directly in the context of the other. In this case , the

difference in fatigue resistance resides in an increased resistance to

crack formation in the C+H condition , whereas the propagation rates are

comparab le (Table 13). The assessment presented in Figure 25 ignores

this aspect. It assumed that damaged STA material after rejuvenation had

the same fatigue resistance as the undamaged STA+C+H material. Although

this is the most conservative assumption , it is unrealistic , and therefore

a different approach is presented . The approach adopted here applies a linear

damage rule based on both the material and the stages of life . It is assumed

that the fatigue damage mechanisms could be the same in both the STA and

STA+C+H conditions but that the damage accumulates at different rates in

the two conditions , the rate being proportional to the ratio of their crack

initiation lives. This causes the baseline lives to be different for

Level 1 and Level 2 damage.

Assuming damage accumulates linearly, and using an average baseline

life to crack initiation of 4487 cycles for the STA IN_718*, 2100 cycles of

Level. 1 predamage exhausts 47 percent of the total initiation lifetime .

Assuming the applicability of such a linear damage theory, only 53 percent

of the initiation period of 9976 cycles for the STA+C+H condition** should

* Result from section on Baseline Fatigue Resistance using the data in Table 10.
A A  Result from section on Influence of Rejuvenation Processing on Baseline

Properties using data in Table 10.
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be included in establishing the reference for rejuvenation assessments.

Th. average increase in remaining life in the STA’-C+H condition is 12 , 367
— 0.47 (9976) — 7678 cycles in addition to the 2100 predamage cycles.

This reference life of 9778 cycles represents the total fatigue life of

a material  which exists initially in the STA condition , is damaged to

2100 cyc les , and is then processed into the Stk+C+H condition.
Similar cal culations can be made for the Level 2 state , in wh ich

case there is no ini tiation per iod to increase as a result of the C+H
process. Consequently , the life of the initial STA condition provides

the approximate reference by which to assess the extent of rejuvenation ,

includin g the predamage cycles , represented by the initial crack initiation

life , plus the crack propagation period .

Making use of the above reference lives as a bas is to meas ure
the extent of rejuvenation gives the results shown in Figure 26. For

Level 1, the predamage of 2100 cycles in the STA condition converts to
4689 cycles in the STA+C+H condition , so full rejuvenation requires a

total life of 14,467 cycles. With reference to Figure 26a, the ob serv ed
total life of 9906 cycles indicates rejuvenation of Level 1 damage did

not occur but neither did a decrease in fatigue life relative to the base-

line life . For Level 2 damage , the total life related to full rejuvenation

is 12 ,367 + 4487 • 16,854 cycles*. Reference to Figure 26b shows that the

observed total life of 11,077 cycles after rejuvenation is intermediate

between the baseline and full rejuvenation lives . This indication of

rejuvenation was not observed in the total life approach .

Clearly , the results when examined in a context which accounts

for the impact of fatigue damage on crack initiation in the C+H condition

indica te the poss ibili ty of rejuve nation in terms of a to tal s train
analysis (Figure 26). For the Level 1 specimens , thos e wh ich showed no rmal
initiation tend to lie in the rejuvenation range of total life. For the

Level 2 specimens, only those 2 specimens which failed at previously napped

* This includes the predamage cycles to crack initiation in the STA condition
plus complete rejuvenation of the initiation period in the STA+C+H condition
and the crack propagation period .
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0 STA.(C.I’l) 9778 +
1__ ,

~~.l
- - Complete rspuv notsan

I STA + (C+HI 9906 -
~~ •K)~ 1
I

I I

0~ IO~ iO~
Total Life , cycles

(a) Comparison of weigh ted baseline and Level 1 lives

0 STA 6620 +
• __J

- - Complete repuvenotiori

2 STA + (C•H) 11,077

I I t u t u  I I I 1 I I ~~ l
10 IO’

Total L,ts , cyc les

(b) Comparison of baseline and Level 2 lives

Figure 26. Analyses of Fatigue Damage Rejuvenation in IN—7l8 , Based on
Representative Baseline Fatigue Resistance .

The Dots Represent Specimens Showing “Normal” Crack Initiation and the
X’s Represent Specimens Having a “Flaw—Type” Initiation .
The + is the Mean of the Fatigue Lives and the Bracket With It Spans
the Standard Deviation.
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cracks have lives lower than the baseline life. All the others are

grouped toward the full rejuvenation life.

Much of the scatter in life after rejuvenation appears to be

due to scatter in the propagation period . Although the propagation

period remains comparable on the average to its assumed constant value ,

it shows an extremely high coefficient of variation, as evident in

Table 13. Specifically , the mean propagation period for Level 1 is 2863

cycles as compared to the assumed constant value of 2309 cycles, with a

standard deviation of 3212 cycles for a coefficient of variation of 112

percent. Similar trends exist in the Level 2 predamage rejuvenation

results . In this case , the mean propagation period is 2301 cycles as

compared to the assumed constant value of 2309 cycles . The standard

deviation is 3048 cycles so that the coefficient of variation is 132

percent.

The conclusion from this analysis is that the Level 1 predamage

responded very little, if at all , to rejuvenation processing. This could

be attributed to damage such as sut’face offsets whose effect was not

reversed by the surface treatment , or to internal damage such as the

flaws noted on the fracture surfaces of many of the predamaged specimens .

If these flaws are not incompletely bonded cracks, they might represent

some other type of Level 1 damage which did not respond to rejuvenation .

The rejuvenation present in the Level .~ case can be attributed to the

closure and bonding of the cracks. This requi red some additional time

to be spent in a crack initiation period before reentering the crack

propagation period after rejuvenation.

Meta1lo&ra~hic Studies of Fatiaue DamaRe

Fatiaue Cracks in Baseline Material

A series of fatigue bars were sectioned after fatigue to examine

the character of the fatigue-induced cracks. The sections were all
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longitudinal sections along the gauge Length so t h a t  the cr.i. ks cou ld I~e

observed in p rof ile.

rhe f 1 rs t nt ~n I ~on ,~s t o .‘X~jm inc t’ r o f  v the c ia rac t ~ ~ he

cracks developed at di fter en t tota l  st  rain .uii~ ’ i udes . ~~~ e~
- imens ~~~~

— I

— 2.00%; 58— 1, — 2 . t) 3~~; I 1 C - $ , .l~~ - I. 32~~; and C~~~_~ ~~ •

were selected f o r  sectioning. ~~i the t w o  high s t ra in  ampi i tude spec imt ’ns

the fatigue lives were quite d i f te ren t  even though LhCv were tes ted  under

essentially the same conditions of  t emperature and total stra in ampl i tude .

The cracks in Specimen 3C—l shown in Figure 27 are typ ica l of most of the

cracks observed . The cracks fol low a mostly transgranular path . hut do

have some intergranular segments and also de f lec t  along twin bound aries.

There are both relat ively s t ra i ght c racks w i t h  l i t t le  branching Yr igures

2 7a and 27b~ , and wandering cra c ks t Figures 2 7c and 27d’t . Less o f t e n  a

seemingly subsurface initiated c rack  is seen , Figure 2 7 c .
In contrast to the long , narrow c rack opening con f igurat ion

usually found , the other specimen tes t ed  at a st ra in  amplitude ot 2 percent ,

No. 5C—l , had numerous short , wide cracks IFigure I9h~i . ~hi~ same

specimen had a short life , 8.. cyc les , compared to Specin~ n 3d (Figure 27~
which lasted 2’~8 cycles . This could indicate some difference in composit~~ou

( or microstructure in this bar compared to the others . It so , ~t is local  i~~cd

becaus e anothe r specimen from the same bar , Specimen 5D—2 , showed the

typica l crack coniiguration. h
Fatigue cracks representat ive of the Level 2 pre damage deve io~ .’d

at the strain amplitude ~~~~ — 0.80% , selected for t he test matrix o f  t h is

study , are shown in Figure 28. These cracks are ty p ica l  of both \ t 
—

1.3 2% , Specimen llC—2 , and — 0.80~~, Specime n SD-2 . These configurationi~
are shown in Figure 28: the wide opening , straight ty pe ( Figure 28a ’t:

the narrow opening , straight type (Figure 28b ’
~ and the narrow opening ,

branchy type (Figure 28c). The tighter and branchv cracks appear to he

most common . What appears to be an internal , subsurface initiation crack

is seen to the left of the wide crack in Figure 28a . The specimen surface
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crac k 15 p e t t t t t g i. i..it i o  the ide cia ck t~ about 3 ~m , w e l l  below t ie I ~ t o

c~ i c a i t  be r idged ~‘v the PV P co at  . The t t t~ht Cl c racks

~av e  — i t  :a . ’ e c t ’ s ,‘‘1- e u i n g  w i u tt i s  ci I ..u~ or l ess .

~ he. i. t 51e . ~~t t .  i t  g i t  c i  .ic ¼ F i c~ i 2 ~ ~~ t he 1’ r .iitchv c rac

¼ .c~ t t  r ‘2~~~’ o c :- . t  .a t ’t i~, t t , .Iv 1% bat ided i~ 
-
• th e  c oa rs e , .tc

t o t i g~~ :~~ -~~ e i t o  iav  c i  ed are -as for loca l  or - t c k  branching, thec t a c k s  d~ not a c1.mc inue t o  propagate in th is  fashion . i~egi ens suc h

.i- t h e v o t d  a ppeat  t o g  .‘n the  c t a c k  in the lower center o~ Figure 2~~~C were

v due to  :1 0 ump 0! g r a l  as t .il 1 ing out o f  t t ie spec ltnen during prep—

. t r a t t c u . Pc - ts ib lv t hey  f rac tu red  a long weak or b r i t t l e  Interphase

boundta r es Jut as t .1 t goe . S tnt i l.ir vo ids w e r e  oni V rarely found t n  undamaged

i as h ecu shown t fiat ic .i t gao damage’ in IN — S tested under

to c. ’ti~i :1 i ’ o~i o t  t h t s  s I,tdv con s t s t  o t  w e l l  —J e t  i .it’d bands ot heavy shear
¼ ’ i

t a t  a e\ cad :t,~ ac ross  the s t a t  as.  ‘ Pecol te ~- ton  areas w ithin intense
¼ 1 ~s p hands ~a l so c.i I I od 1w t as U t t ttni r e lv .tc t as the sites for 1.-t’aok

.1 t~ ft IOn . Fv tdence 0 these heavy sl p h.ends 1ou ld be seen in some

are a s  o t  meta l lographtca l  lv po l ished md etc hed sec t  tons of  the extruded

and STA hasel inc tutu er lal .‘t f t  er f at i g ue . However • no mo re— intense regions

o s were s pec  i lv ass~’~’ t a ted w t ii the c racks  as compared to regions

away t orn the c racks .

~~~~j~~’ns c_ o f Fal 1~~~e C t a c  ks ~t o
Ke • -uvenat  Ion Proce ss  inc

the p t tnc Ipal ob I  cot  i vi ’s 0 t It :s program was to demons Irate

1- l o s u v r  and honding .‘t preexistin g fatigue cracks after c leaning , coating .

.ind HU’ . this was t rs t  at te m pted  in an ear ly HIP expertuen t by cleaning ,

coating . and ~IP half of a fractured fatigue bar containIng numerous

surface cracks. rhis was Specimen ~~~~ already described previously as

having atyp ica l  w id e c t . t c k s  iFigure 1Q\ wh ich  were too wide for the PVD

bridg.ug process .

Later , two ttalve~ c-f di fterent fractured fatigue bars were process ed

identically to  the tatigite damaged test bars and included in the ’ last 811’

e~ pe’rimetit . However , after the 811’ experimen t it was decided instead to

sectio n act ual prt ’— .’ r i c k e d  rest bars atte r HiP and final fatigue testing

o fail ure . l I t  t lt.i~I the .idv ant age o f  i knowing t he ex act  I 5’cat ton of

rh~’ v I s Ib 1 e c i  •t1.’ ks  Induced during t I e ’ pr~ — H~ 1’ ~ t I gue to the crack

¼) 
~

L _ I-
_____________________________________________________________________ ~~~~~_4 _4
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propagation stage , (iii the rejuvenati on pro ce ssin g being that for the

fatigue test bars , and ~iil~ determining whethe r fatigue cycling subsequent

to HIP was sufficient to reopen any closed and bonded cracks ,

This was Jane wit  ft two  spec i tuens , ‘P — I and 12 1 — I , both ot which

fai led at a site welt away t rom the mappe d pro - rej uve na t ion cracks

~Table 12~~. The ha lves of the f rac tured specimens containing the I1.’ca—

tiens of the pre-rejuvenation cracks were ser ia l  sectioned in a longitudina l

section in 150 ~ m increments so as to Inte rcept  the mapped crack locat ions

with the expectation s of ~ j )  finding no cracks at all , indicating the

cracks had bonded compl etely ; t,ii ~ finding the location of the now—bonded

• cracks marked by “dirt ”, precipitates , or voids as in the case ct  the

Ti —t s Al— .4V ‘°~~ ; or 1iii ‘~ f inding an open , nonhonded cr ac k ,

The resu lt was the finding of bonded 5- raoks whose iorut~’r locat ion

was delineated by small ~‘a r t i c l es  or vo ids .  l\~o of t he three mapped

c rac ks in ~‘h - I were located and found to  be ident i ca l  in appearance .

These are shown in Figures 2 ¼) t o  31. The othe r crack in Specimen 1t- l

was not pursued. In addition, the previously mapped crack and tw o  o t h e r

healed , hut not previously observed , c racks were’ also found in Spect :ue n

l2 t~— I which were identical to those shown in Figures 1~ to 31 . Phus , t here

we re certainly preexisting cracks in some of the othe r specimens which

a lso we re not observed before rej uvenation .

The appearance of the cracks on the as-polished sect ion shows a

“track ” of partic les of about 5 ~im w ide’ (Figures 30a and 32a ’t . Ilieret ore ,

there must be precipitates associated with the crack , ly ing just beneath

the original crack surface , as wel l  as ooss ib le  residual voids , oxide , or

dirt along the bond line i t se l f.  It is believed there was not s u tt ic i e n t

time at tempe rature during the predamage cracking phase of test ing to

develop a significant alloy depleted zone’. hut the severe etching attack

of the cracks over much of their length indicates there must be’ signi icant

composition differences along the bond line . Since subsequent fat igue’ did

not open up a new crack at or near any c- f the observed bonded 1.- rac ks ,

neither t he residua l particles , voids , or any alloy depleted ~enc repro-

sented most —f avored s i tes for subsequent at igue crack init iation .

particles would not h’e expected to act as initiation sites becau se ot

their sma l l si:e , toss than 1
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Figure IQ . Micrographa of a l~onded F.itigue Crack 
.iltor Rejuvenation

Processing and Fatigue Testing to Failure .

Specimen 7B-l , longitudina l section .
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Figure 31. Micrographs of a Bonded it’atigue Crack Af ter Rejuvenation
Processing and Fatigue Testing to Failure .
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Fatigue Damage in Re fuvenated Material

The heavy shear bands traversing the grains were much more visible

in the specimen fatigue tested after HIP. This was because the larger

grain size in this material increased the length and therefore the dis-

placement or shear within the individual cracks. If the primary crack

initiation me chanism is decohesion of these heavy shear bands , then this
is the probable cause for the trend toward a grain size dependence of the crack

initiation life observed in the C+H condition. There did not appear to be

any concentration of these heavy shear bands associated with the cracks.

The cracks were similar in appearance to those shown earlier,
except there appeared to be fewer secondary cracks. The cracks propagated

in a transgranutar mode for the most part but did show some deflection

along twin and grain boundaries.

SU~ ’IARY DISCUSSION AND CONCLUSIONS

It should be noted at the outset that the material used in this

program was not given much work before use. Therefore , although it has
some of the characteristics of wrought materia l, it also retained some
characteristics of cast material. To some extent the results of the

program will reflec t this difference and this should be borne in mind
when evaluating them.

It is clear that properly bridged fatigue cracks can be closed
and bonded. There are definitely secondary phases, oxides , or “dirt ” from

shot peening within these cracks. The size of these particles is quite

small , less than I i.&m , and they should not initiate new cracks . However , the

different localized microstructure and chemistry along the bonded crack

might favor crack initiation. There will be a point where better cleaning

is required and an alloy depleted zone must be addressed to ensure a sound
bond. The observed failure at previously mapped cracks in some of the pre-

damaged , re j uvenated specimens indicates the importance of a reliable crack 1’
bridging process and reliable cleaning of the cracks. It is not known what

type of damage the flaw-type initiation sites represent, but they clearly
appear in the crack initiation period and are difficult to remove. They

are probably imprope r ly bonded cracks . If not, they could represent an important
type of fatigue damage in its seeming lack of response to rejuvenation .

-
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It is believed that the PVD coating is desirable to provide

primary bridging of the crack and to replace material lost to erosion and

corrosion of used disks or blades. it is believed that the coating

technique can be improved beyond that demonstrated in this program t o

provide bet ter  surface adherence and bridging of c racks .  The ceramic

coating mus t require further development as a reliable backup coating
to the PVD coating .

An important result of this program was the lack of response
of Level 1 damage to rejuvenation. Since it was surmised that internal

damage should be removed during HIP and ag ing, this is an unexpected
result. It is possible that other types c- i damage such as surface

o f f se ts  or the f law—type de fec ts  mig ht retain some o f their pote n& -v

through rejuvenation and decrease the total life.

The large increase in fatigue life developed by coating and

HIP of the extruded and STA material is striking, it is not clear to

what exten t the rejuvenation surface treatment , peening and coating,

caused this increase compared to the homogenization of the microstructure

and the grain size d i f ferences.  It may be that a HIP homogenized micro—

structure with a smaller grain s ize could give the same l i fe as the coated

and HIP material. The HIP cycle should be modified to homogenize the micro-

structure and minimize grain growth in both cast and wrought IN-7l8 to assess

potential benefits in mechanical properties.

The substantial change in the baseline properties of the material

after  coating and HIP caused great dif f iculty in interpreting the results.

Assumptions had to be made regarding the similarities of fat igue damage

mechanisms in the two baseline conditions (STA and STA+C+H), their response

to rejuvenation, and the influence of residual fatigue damage carried over

from the initial condition on the fatigue resistance of the final ,

rejuvenated condition . The most conservative analysis showed no rejuvena—

tion effect but instead indicated that residual fatigue predamage was

influencing the life after rejuvenation of the predamaged specimens.

A second approach to account for this effect indicated little or no

rejuvenation of Level 1 damage , but some re juvenation of Level I damage .

This is consistent with the observation of bonded fatigue cracks in

Level 2 specimens .
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A more useful approach would be to homoge~ j 2~ the specimens by

Hip before Preda~~ge to give 
approximat i the same baseline life before

and after rejuveflati 
In thj5 Way the da

~age mechanism 
would be the

sa~~ for both conditlo and the Properties after 
rejuveflatl 

Would be 
~

more direct measure of the relative removal of Predamage 
In

the Predamage lives could be a large fractj0~ of the baseline life (N~

a large fract~0~ of Nf after re 
~uveflatj ) and the assessment of

rejuveflati 
by relative increase in total life could be clearly seen.
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